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Abstract 
For several decades now, seabirds have been considered to be useful indicators of the state of 
their prey resources because of how they reflect lower-level trophic variability through proxies 
such as diet or behaviour. However, collection of appropriate data is often challenging in the 
marine environment because of logistical or financial constraints. In this study, time-activity 
budgets were studied in the Cape gannet (Morus capensis), a seabird which has been 
advocated as a potential bioindicator for local epipelagic prey. VHF transmitters attached to PVC 
leg-rings were fitted to 50 adult breeding pairs during the 2011/2012 and 2012/2013 breeding 
seasons at Bird Island, Algoa Bay, to determine whether an automated method of continuously 
collecting time-activity budget data can replace conventional laborious direct observations. To 
validate that the foraging trip duration data generated from the automated method was a 
reflection of foraging effort, Time-Depth Recorders (TDRs) were simultaneously equipped to 
birds with VHF transmitters for three weeks. In order to assess the influence of factors other than 
prey availability on parent time-activity budgets, sex, chick age and body condition were 
measured. Additionally, chick growth and survival were recorded in order to investigate the 
gender-specific effects of parental time-activity budget variability on these parameters. 
Attachment of VHF transmitters to leg-rings of adult Cape gannets had no observable negative 
effects on the adults or their chicks in terms of adult body condition, nest attendance and 
foraging trip durations, or chick growth and survival. Furthermore, the frequency distribution of 
behaviour bout (foraging trip and nest attendance) durations was no different between 
automated and directly observed data. However, the automated method did record shorter 
behaviour bouts, largely attributed to the increased likelihood of direct observations missing 
birds returning briefly to their nests during older chick provisioning. Additionally, foraging trip 
duration was highly correlated to foraging effort in terms of time spent resting on the sea surface, 
flying and diving. The automated method therefore appears to be a good reflection of direct nest 
attendance observations and foraging effort. 
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Cape gannet time-activity budgets were related to chick age and parental sex. Especially as 
chicks neared fledging, females spent significantly longer periods of time foraging than males, 
with males consequently provisioning their chicks more often. Furthermore, adults departing 
their nests earlier spent more time away from the nest foraging as more same-day daylight 
hours were available. Chick growth was a function of parent foraging trip duration and 
associated prey delivery rates. Chick survival was most strongly affected by the amount of time 
which chicks were left unattended by both parents and consequently exposed to predation by 
kelp gulls (Larus dominicanus) or to adverse weather conditions. Additionally, for females (but 
not males) there appeared to be a trade-off between foraging trip duration and chick survival. 
The Cape gannet appears to demonstrate a strategy whereby the costs of reproduction to the 
female are shifted towards male-dominated chick provisioning as the chick nears fledging. 
Drivers of time-activity budget variability such as chick age and parental sex therefore need to 
be considered if using data on foraging trip duration as a proxy of foraging effort and prey 
availability. 
Keywords: automated monitoring, bioindicator, Cape gannet, chick provisioning, foraging effort, 
seabird, sexual segregation, South Africa, VHF 
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Chapter 1 
Introduction and Literature Review 
1.1. Time-activity budgets of animals 
Animals face a trade-off in their allocation of energy to the activities which define their time-
budgets (Stearns 1989; Illius et al. 2002). An animal’s time-activity budget is the proportion of 
time which it spends occupied with the various activities with which it is involved, such as 
reproduction, foraging and territory defence. Time-activity budgets have been widely studied to 
better understand the ecology of the respective species (e.g. Sharpe & Rosell 2003; Tremblay et 
al. 2005; Hamel & Côté 2008; Thornton 2008).  
Describing an animal’s time-activity budget can give insight into how they cope with their 
environment (Koolhaas et al. 1999), what their energy demands are (Wolf & Hainsworth 1971), 
how they relate to their conspecifics (Bélair & Miron 2009), how predators affect their activity 
(Brown et al. 1999), or what effect seasonality has on their time-budgets (Weathers & Sullivan 
1993). Niko Tinbergen, inspired by Konrad Lorenz, was the first to advocate the meticulous 
study of animal behaviour as a tool to answer ecological questions (Tinbergen 1963; McNamara 
& Houston 2009). Time-activity budget studies are often labour-intensive and difficult to 
accurately conduct in the wild (Tremblay 2003; Angelier et al. 2007), but resultant data can be 
associated with relative ease with measures of an animal’s state or environment such as 
breeding success or body condition (Kappes et al. 2011). 
Variation in the time-activity budget of an individual, population or species is associated with 
evolutionary and mechanistic drivers (Tinbergen 1963; McNamara & Houston 2009). Life-history 
theory dictates that animals that have evolved contrasting demographic strategies would 
prioritise their time-budgets differently, especially during reproduction (Stearns 1989; McNamara 
& Houston 1996; Hamel & Côté 2008). For instance, long-lived species face a trade-off between 
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reproductive effort and personal maintenance, whereas short-lived species tend to maximise the 
time they spend in reproductive pursuits (Stearns 1989). Time-activity budgets are also modified 
according to the state (where “state” refers to all features making up an organism’s condition 
such as territory size, parasitic load, age and fat reserves: sensu McNamara & Houston (1996)) 
of an organism (Cuthill & Houston 1997). Adverse extrinsic conditions, such as degradation of 
foraging conditions (e.g. Litzow & Piatt 2003), affect time-activity budgets in animals by 
restricting the time they can spend occupied with undemanding activities such as resting 
(Herbers 1981; McNamara & Buchanan 2005). 
Historically, time-activity budgets have been studied in animals through visual observation in the 
wild or laboratory (Kappes et al. 2011). Recent technological advances in the miniaturisation of 
data loggers have allowed for automated recording of animal behaviour (Shaffer et al. 2003; 
Ropert-Coudert & Wilson 2005; Angelier et al. 2007). Hormonal studies (particularly 
glucocorticoids; Landys et al. 2006) can complement behavioural studies and provide insight into 
the physiological costs of time-activity budget changes (e.g. Angelier et al. 2007). Emerging 
insights into animal behaviour using modern research tools are both informing management 
decisions (e.g. Kappes et al. 2011) and expanding the understanding of the animal world (e.g. 
Thornton 2008). Niko Tinbergen’s advocacy for behavioural approaches in ecology as a useful 
investigate tool is therefore being validated. 
1.2. Seabirds: monitoring the marine environment 
Since man began fishing the seas he has benefitted from the information that seabirds provide 
(Monaghan 1996). Today the predator-prey relationship between seabirds and fish stocks is 
important to understand because of the potentially informative way in which seabirds can be 
related to the state of their prey (Piatt et al. 2007). Seabirds can potentially act as indicators of 
their often commercially exploited prey resources (Berruti & Colclough 1987; Velarde et al. 1994) 
as a preferable option over difficult (Cairns 1992) and costly (Cairns 1987; Monaghan 1996; 
Scott et al. 2006; Durant et al. 2009) conventional vessel-based fisheries surveys. Several 
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seabird proxies, including their time-activity budgets, are sensitive to variable prey states and 
are each suitable to some extent as a measure of prey availability (Cairns 1987). As predators at 
the upper levels of many marine ecosystems, seabirds are ideal candidates to monitor the 
changes in abundance of their prey (Montevecchi 1993; Furness & Camphuysen 1997; Piatt et 
al. 2007; Durant et al. 2009). 
Suitability of seabirds as biomonitors 
Conceptually, an ecological indicator refers to an ecosystem constituent which is used to reflect 
conditions within that ecosystem (sensu Heink & Kowarik 2010). A useful seabird indicator for 
prey availability is one which is easily measurable and that rapidly reflects changes in local prey 
availability with as little indiscernible noise around these measurements as possible (Dale & 
Beyeler 2001; Reid et al. 2005; Durant et al. 2009; Grémillet & Charmantier 2010). The primary 
advantage of an ecological indicator is that it simplifies extensive sets of data into a summarised 
and interpretable proxy which is easier to measure than all parameters within an ecosystem 
(Durant et al. 2009). 
Most seabirds are conspicuous, charismatic species that garner significant public and scientific 
interest (Furness & Camphuysen 1997; Piatt et al. 2007). Their populations are often easily 
surveyed, both because of the extensive set of public records from at-sea cruises and due to the 
relative ease of enumeration at colonies during the breeding season (Furness & Camphuysen 
1997; Piatt et al. 2007). Sample size of field monitoring studies can be high with comparatively 
little effort because many seabirds nest colonially, an important consideration for the statistical 
and informative power of observations made (Furness & Camphuysen 1997; Piatt et al. 2007). 
Additionally, many seabirds are easy to capture and handle (Piatt et al. 2007). 
Simultaneous sampling of phytoplankton, zooplankton, larval and adult fish in the long-term as a 
measure of the health of marine ecosystems is costly (Scott et al. 2006). Seabirds cover a larger 
area in their foraging distribution than what would be economically feasible in fisheries surveys 
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(Montevecchi 1993; Einoder 2009) and thereby provide a continuous sample of the prey 
availability in their foraging range (Furness & Camphuysen 1997). As seabirds often amplify 
changes in the lower trophic levels (Litzow & Piatt 2003; Piatt et al. 2007), they make ideal 
indicators of the current health of ecosystems because of their position in the food chain 
(Thompson & Hamer 2000; Scott et al. 2006; Durant et al. 2009; Einoder 2009).  
Seabird behaviour  
As with other animals, time-activity budgets of seabirds provide an understanding of the 
relationship and trade-offs between resource availability, self-preservation and reproduction 
(Hatch 1990). Adults must allocate their resources between self- and chick-provisioning during 
the breeding season (Orians & Pearson 1979; Cairns et al. 1987) when seabird species forage 
from a central locality (Furness & Monaghan 1987). As long-lived species they maximise long-
term rather than annual reproductive effort, favouring self-maintenance in years when conditions 
are poor (Monaghan et al. 1992; Stearns 2000). Furthermore, prey resources are often distant 
from nesting colonies, restricting the ability of seabirds to sufficiently provision their chicks and 
themselves (Burke & Montevecchi 2009). Some seabirds go as far as having separate foraging 
trips for self- versus chick-provisioning, alternating these at regular intervals depending on body 
condition and prey availability (Weimerskirch et al. 1997; Weimerskirch 1998). Foraging 
behaviour is therefore intrinsically linked to an individual’s state (McNamara & Houston 1996; 
Weimerskirch 1998; Davoren 2000; Angelier et al. 2007) and can vary substantially within a 
species (Bolnick et al. 2003; Mullers & Navarro 2010).  
Foraging flexibility, buffering and prey 
Typically, the prey of seabirds is patchily distributed and its availability unpredictable 
(Weimerskirch et al. 2005; Weimerskirch 2007). In general, seabirds buffer against this by 
having flexible time-activity budgets, spending less time foraging when prey is readily available 
(Cairns 1987; Burger & Piatt 1990; Litzow & Piatt 2003; Harding et al. 2007b). As prey 
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abundance decreases, seabirds tend to spend less time at their nests and more time out at sea 
foraging (Montevecchi 1993; Monaghan 1996). At moderate to high prey availabilities many 
seabirds, through variable foraging effort, can maintain a constant provisioning rate to their 
chicks by either increasing the size of the prey caught or the amount of time spent foraging 
(Burger & Piatt 1990; Harding et al. 2007b; Schrimpf et al. 2012). Seabirds that cannot buffer 
against variable prey abundances through flexible foraging time-allocations must adopt the 
contrasting strategy which is to continue foraging at a fixed rate or intensity irrespective of prey 
conditions, as has been seen in some penguin species (Hennicke & Culik 2005; Croll et al. 
2006). The effect of limited flexibility in a seabird’s time-activity budget is that the costs of 
declining prey resources are transferred to the seabirds’ chicks (Chivers et al. 2012) rather than 
being borne on the adults. The extreme is portrayed when breeding attempts fail or are not even 
attempted when seabirds are faced with low prey availability, irrespective of the level of foraging 
flexibility (e.g. Monaghan et al. 1992). 
Seabirds have “discretionary” time available which is spent ashore during the breeding season 
when prey conditions are favourable (Burger & Piatt 1990). These periods of rest are the buffer 
from which foraging time can be drawn in order to mitigate the effects of decreased prey 
availability (Herbers 1981). This “rest” time may be occupied with other important activities such 
as digestion, in effect limiting the realised flexibility of a seabird’s time-activity budget (Davoren 
2000). As such, time spent away from (Hatch 1990) or at (Litzow & Piatt 2003) the nest is 
usually a good indicator of prey availability and of the foraging decisions adopted by the seabird 
(Harding et al. 2007b; Shoji et al. 2011).  
Not surprisingly, the time-allocation buffering capacity of seabirds varies widely between species. 
This variability is explained by intrinsic biological differences in the seabirds themselves (Litzow 
& Piatt 2003; Harding et al. 2007b). These include body size (Hamer et al. 2007), foraging mode 
(Burke & Montevecchi 2009), sex (Shaffer et al. 2003; Welcker et al. 2009a; Elliott et al. 2010), 
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nest defence requirements (Wilhelm et al. 2008; Viera et al. 2011) and life-history (Stearns 2000; 
Crawford et al. 2006).  
Flexibility in time-activity budgets in response to prey availability has been well studied amongst 
the northern hemisphere Alcidae (e.g. Burger & Piatt 1990; Uttley et al. 1994; Harding et al. 
2007b; Burke & Montevecchi 2009). Some of these species can buffer against several-fold inter-
annual fluctuations in prey abundance, incurring no significant negative effects on chick growth 
or fledging success (Cairns et al. 1987; Burger & Piatt 1990; Uttley et al. 1994). Smaller seabirds, 
especially those which carry their prey in their beaks, buffer against distant prey by catching 
larger (Burke & Montevecchi 2009) or, if possible, more (Harding et al. 2003) prey items to 
effectively maintain the provisioning rate to their chicks. When prey is scarce, small seabird 
species such as common murres, Uria aalge, and marbled murrelets, Brachyramphus 
marmoratus, increase their foraging effort but this can negatively impact both chick fledging 
mass (Burke & Montevecchi 2009) and breeding success (Ronconi & Burger 2008). Larger 
species are better able to buffer variable prey availability because of a greater flexibility in their 
time budgets due to their intrinsic body mass energy buffer (Furness & Camphuysen 1997; 
Hamer et al. 2007).  
Aspects of the prey themselves may play an important role in predicting the duration and mode 
of a seabird’s foraging bout (Schrimpf et al. 2012). Animals which regularly forage on ephemeral 
prey, such as shoaling fish, are likely to have a more flexible time-budget than those which 
regularly prey on solitary species (Litzow & Piatt 2003). This aligns with foraging theory and has 
been termed the “prey variance” hypothesis (Charnov 1976; Sutherland & Moss 1985). Seabirds 
preying on solitary species would have less discretionary time to allocate to foraging if prey 
abundance decreases (Sutherland & Moss 1985; Litzow & Piatt 2003). Shoaling prey species 
tend to be highly nutritious but temporally or spatially variable and this “quality-variability” trade-
off interestingly drives sexual segregation in thick-billed murres, U. lomvia, whereby males and 
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females target benthic-reliable and shoaling-variable prey, respectively (Elliott et al. 2010; 
Jacobs et al. 2013). This minimises the overall risk to their chicks and maximises pair fitness. 
Generalist seabird predators, in contrast to specialists, can potentially switch their prey 
preference in the event of a reduced abundance of a specific prey species/type (Barrett & 
Krasnov 1996; Litzow & Piatt 2003; Sabarros et al. 2012). Seabirds with specialist diets tend to 
demonstrate less variable time-budgets than generalist species (Uttley et al. 1994). Ultimately, 
when prey abundance declines or distribution changes, seabirds must either increase their 
foraging effort or change their foraging mode (Davoren 2000), a decision that is limited by the 
specific seabird’s biology. This has been demonstrated in the Cape gannet, Morus capensis, a 
highly philopatric species (Klages 1994), which altered its time-activity budget, feeding on low-
quality fishery discards and enduring significantly longer foraging trips, when its primary 
epipelagic prey shifted its distribution (van der Lingen et al. 2005; Pichegru et al. 2010).  
Additional drivers of seabird behaviour 
Several factors, other than prey availability, may drive time-activity budget variation in seabirds 
such as colony size (Hamer et al. 2006), predation (Wilhelm et al. 2008), or sex-specific 
requirements (Welcker et al. 2009a). Possibly the most important determinant of time-allocation 
is the timing of breeding: during the breeding season parents have to provision their chicks and 
therefore their time-activity budgets are largely prescribed by chick requirements (Cairns et al. 
1987; Burger & Piatt 1990; Shaffer et al. 2003). Consequently, duration and rates of foraging 
trips are linked to the age and nutritional requirements of the offspring (Dall'Antonia et al. 2001; 
Shaffer et al. 2003; Humphreys et al. 2006). As an example, the common murre can maintain a 
regular colony attendance pattern through several scales of prey depletion when it is incubating 
its egg, but when provisioning its chick it must forage more frequently and spend less time at the 
nest when prey is scarce (Harding et al. 2007a).  
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Foraging trip duration, particularly in species which forage at the scale of hours rather than days, 
can also be affected by the actual time of departure from the nest. In Northern gannets, M. 
bassanus, individuals departing from their nest later during the day are more likely to return from 
a foraging trip the following day, rather than the same day (Garthe et al. 2003). Boobies (Sulidae) 
also tend to increase their foraging effort (frequency of dives per unit time) depending on the 
amount of daylight hours remaining following departure from the colony (Lewis et al. 2004a). The 
rhinoceros auklet, Cerorhinca monocerata, delivers fish to its chick once a day, doing most of 
the foraging for its chick at night to reduce the risk of kleptoparasitism by eagles and falcons 
(Davoren & Burger 1999). Self-provisioning foraging trips can then occur irrespective of the time 
of day.  
The distance between foraging grounds and the breeding site largely dictates travel time in 
seabirds (Furness & Monaghan 1987). This in turn influences total foraging duration (Hamer et 
al. 2000) and the ability of seabirds to successfully provision themselves and their chicks (Burke 
& Montevecchi 2009). The alternation between self- and chick-provisioning in Procellariiformes 
is enhanced by good foraging grounds often being distantly separated from breeding sites 
(Weimerskirch 1998; Pinaud et al. 2005). Some alcids, which also alternate between self- and 
chick-provisioning foraging trips, do not have a pronounced dichotomous distribution of foraging 
trip length because of the close proximity of their foraging grounds (Davoren & Burger 1999), 
although this can change if local foraging conditions deteriorate substantially (Welcker et al. 
2009b).  
Meteorological conditions, such as wind, can also influence foraging effort (Grémillet et al. 2004; 
Humphreys et al. 2006; Shoji et al. 2011). As an effect of climate change, foraging patterns of 
some seabirds are changing (Weimerskirch et al. 2012). In addition to direct effects on the 
seabirds themselves, environmental factors such as oceanographic conditions (e.g. sea-surface 
temperature (SST) and ocean fronts) can indirectly affect seabirds by impacting on their prey 
(Pinaud et al. 2005; Welcker et al. 2009b). 
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Although there is limited evidence for intraspecific competition amongst seabirds, conspecifics 
can play a role in the segregation of foraging areas (Grémillet et al. 2004) and foraging 
behaviour (Masello et al. 2010) amongst neighbouring colonies through density-dependent 
factors (Wakefield et al. 2013). Some studies have demonstrated a positive relationship between 
foraging trip duration and colony size (Lewis et al. 2001a; Garthe et al. 2006). This is likely due 
to the “halo” of decreasing prey availability formed around large seabird colonies (Ashmole 1963; 
Forero et al. 2002; Gaston et al. 2007) or the disturbance and dispersal of fish shoals by 
conspecifics (Lewis et al. 2001a). Furthermore, interspecific competition can affect foraging 
behaviour amongst seabird species when resources or colony foraging ranges overlap (Masello 
et al. 2010). In Northern gannets overall foraging trip duration has been linked to variable prey 
availability when population-level conspecific competition was accounted for (Lewis et al. 2001a; 
Hamer et al. 2006). Longer foraging trips were positively related to colony size (Lewis et al. 
2001a). In contrast, the Cape gannet tends to undertake shorter foraging trips at larger colonies 
because of an increased availability of local prey (Lewis et al. 2006). These examples 
demonstrate the importance of understanding species-specific predator-prey relationships 
involving seabirds. 
Behaviour as a proxy for prey availability 
The well-documented capacity of seabirds to buffer against declining prey availability through a 
flexible time-activity budget (e.g. Burger & Piatt 1990; Davoren 2000; Burke & Montevecchi 2009) 
has been proposed by several authors as a useful indicator of the state of prey stocks (Cairns 
1987; Montevecchi 1993; Davoren 2000; Litzow & Piatt 2003; Jacobs et al. 2013). This is 
especially applicable for ephemeral prey species that are difficult to monitor (Cairns et al. 1987; 
Furness & Camphuysen 1997). It is also perhaps the most informative seabird proxy for prey 
conditions, particularly when these are not severely depleted (Cairns 1987; Monaghan 1996).  
Not all seabirds demonstrate an extensive buffering capacity and it is therefore important to 
critically study and review this attribute of a seabird, under various prey conditions, before 
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concluding that its flexible behaviour can be used as an indicator of prey availability (Burger & 
Piatt 1990; Harding et al. 2007b). Seabirds are variably sensitive to changes in prey conditions 
depending on their own state. For example, common murres maintain a relatively constant 
foraging effort while incubating their egg but show a flexible effort when provisioning their chick, 
suggesting that their time-activity budget is a better indicator of prey state during chick 
provisioning (Harding et al. 2007a). All seabirds have a threshold level at which the flexibility in 
their foraging budget cannot compensate for a further decline in prey availability (Ronconi & 
Burger 2008; Pichegru et al. 2010), resulting in negative consequences to their chicks (Welcker 
et al. 2009b; Chivers et al. 2012).  
Due to recent technological advancements in electronic devices, these can be safely attached to 
seabirds to provide information on foraging location and behaviour (Weimerskirch et al. 1994; 
Ropert-Coudert & Wilson 2005; Burger & Shaffer 2008; Linnebjerg et al. 2013). Such devices 
provide a means of studying seabird ecology, foraging requirements during breeding, and other 
aspects which portray the state of the seabird’s prey (Cairns et al. 1987; Ropert-Coudert & 
Wilson 2005; Harding et al. 2007b). Using these telemetric data, foraging behaviour in several 
seabird species has been shown to be sensitive to prey availability (e.g. Grémillet et al. 2006; 
Harding et al. 2007b). For example, the proportion of time spent foraging versus time spent 
resting while away from the nest during the breeding season changes depending on prey 
availability (Monaghan 1996) and can be accurately determined using activity loggers (e.g. 
Tremblay 2003). Foraging distribution can be used to inform fisheries managers on where 
certain prey stocks are, particularly those whose biology remains poorly understood 
(Weimerskirch et al. 1994; Cherel & Weimerskirch 1995). 
Estimating time-activity budgets of seabirds through direct observations is non-intrusive, simple 
and cost-effective and is therefore an ideal proxy for long-term monitoring schemes (Harding et 
al. 2007a). An inverse correlation between foraging effort and prey abundance is well-
established in seabird literature (e.g. Burger & Piatt 1990; Litzow & Piatt 2003; Wilhelm et al. 
 CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
G.M. RISHWORTH  11 
 
2008; Welcker et al. 2009b; Kadin et al. 2012). Foraging duration or effort can be related to the 
fisheries-based catch per unit effort (CPUE) notation and therefore incorporated into 
management and survey-based fishing quotas (Montevecchi 1993). Foraging effort can be 
measured from simple estimates such as foraging trip duration (Einoder 2009), or time spent 
away from the nest, to the proportion of time spent actively foraging while away from the nest 
(Monaghan 1996). Both of these measures can be related to the state of a seabird’s prey. 
Other seabird proxies 
Selecting the aspect of seabird biology to be used as a proxy for monitoring prey availability is 
informed by the extensive set of seabird research which exists (Montevecchi 1993; Piatt et al. 
2007). These proxies are specific to a limited spatial (geographic) and temporal scale (Table 1.1; 
Montevecchi 1993; Litzow et al. 2000; Piatt et al. 2007). Fluctuations in prey state or 
environmental conditions can change throughout the season or over annual to decadal time-
scales (Piatt et al. 2007). Being long-lived animals, population-level responses to changing prey 
availability may be deferred by several years (Furness & Camphuysen 1997). Proxies such as 
time-activity budget variation, however, fluctuate depending on current prey state (Cairns 1987; 
Furness & Camphuysen 1997). Additionally, seabird proxies are sensitive and indicative to a 
specific state of prey availability (Cairns 1987; Monaghan 1996); i.e. certain proxies are most 
informative when prey availability is low, such as breeding success, while others are most 
informative for a broader spectrum of prey availabilities, such as time-activity budgets. Ultimately 
a range of proxies should be used to give an overall measure of a seabird’s response to various 
prey states across its foraging range (Table 1.1). The decision on which proxies to use should 
largely be based on the biology of the specific seabird used as a bioindicator (Cairns 1987; 
Harding et al. 2003; Piatt et al. 2007). 
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Table 1.1. A generalised summary of some seabird proxies which have been related to prey 
availability, indicating the scale at which these proxies operate and the prey state at which they 
are most sensitive and informative. Adapted from Cairns (1987), Diamond & Devlin (2003) and 
Einoder (2009). 
Proxy Temporal scale Spatial scale 
Most-sensitive 
prey state 
Adult survival 
Long-term (annual/multi-
decadal) 
Large (migratory 
range) 
Low 
Breeding success Short-term (monthly/annual) 
Medium (breeding 
foraging range) 
Low/Average 
Chick growth Short-term (weekly/monthly) 
Medium (breeding 
foraging range) 
Low/Average 
Diet Short-term (daily/weekly) 
Small (single foraging 
trip range) 
Low/Average 
Foraging behaviour 
(at-sea) 
Short-term (daily/weekly) 
Small (single foraging 
trip range) 
Average/Good 
Time-activity 
budget 
Short-term 
(hourly/daily/weekly) 
Small (single foraging 
trip range) 
Average/Good 
Timing of breeding Short-term (weekly/monthly) 
Medium (seasonal 
foraging range) 
Low/Average 
Physiology Short-term (monthly/annual) 
Both (seasonally 
dependant) 
Low/Average 
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Adult proxies: survival and body condition 
As long-lived, late-maturing species (Furness & Monaghan 1987; Stearns 2000), adult survival in 
seabirds usually remains relatively stable between years and is only affected by very low prey 
availability (Cairns 1987; Furness & Camphuysen 1997) or population-level disturbances such 
as seabird bycatch in fisheries (Barbraud et al. 2012). Adult survival is therefore a useful 
indicator for low prey availability (Cairns 1987). Population estimates provide warnings of fish 
stock collapse while having the added advantage of causing minimal disturbance (Montevecchi 
1993; Monaghan 1996). Annual variation in prey availability, however, has a lag-effect on overall 
population size and is therefore most reflective for long-term timescales (Grémillet et al. 2006).  
Body condition of seabirds also provides an indication of prey availability (Le Maho et al. 1993). 
However, seabirds are long-lived and tend to maintain body condition unless prey conditions are 
severely depleted (Monaghan 1996). Body condition is therefore not always a useful proxy for 
local prey conditions. 
Reproductive proxies 
Seabird breeding success tends to be responsive to prey availability (Cairns 1987), especially 
for seabirds with multiple clutch broods (Crawford et al. 2006). Fluctuations in breeding success 
when prey is readily available are likely due to other factors such as predation and adverse 
weather conditions (Cairns 1987; Williams & Croxall 1990; Mullers & Tinbergen 2009). As a 
proxy of prey availability, breeding success is most informative when the influence of these other 
factors on the chicks and eggs can be accurately measured (Regehr & Montevecchi 1997). As 
an applied example, breeding success of black-legged kittiwakes, Rissa tridactyla, is currently 
used in fisheries management in the North Sea where the fishery closes in years when breeding 
success drops below a certain critical level (Lewis et al. 2001b; Frederiksen et al. 2008). The 
fishery then reopens when breeding success has recovered.  
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Chick growth rate and fledgling mass remain fairly constant at moderate to high prey 
availabilities but decline as conditions deteriorate (Cairns 1987). If the parents have a high 
degree of behavioural flexibility with regards to foraging effort then offspring could survive 
periods of reduced prey availability (Burger & Piatt 1990). Furthermore, chick growth could 
potentially be retarded without affecting breeding success (Harding et al. 2003). Smaller seabird 
species are more likely to reflect the effects of prey shortage on their chicks because of the 
reduced behavioural flexibility compared to larger species (Einoder 2009). 
The timing of breeding amongst some seabird species is a function of prey availability, while 
being a fixed evolutionary trait in others (Diamond & Devlin 2003). Therefore egg-laying, and the 
timing thereof, can provide an indication of the wintering foraging conditions for specific seabird 
species (Velarde et al. 1994).  
Diet 
The relative abundance of prey species in the diet of seabirds has been correlated to prey 
abundance as estimated from fisheries catches and surveys (Berruti & Colclough 1987; Adams 
et al. 1992; Velarde et al. 1994; Montevecchi & Myers 1995). However, seabird foraging is 
affected both by the seabird’s preferences and by the availability of alternative prey (Einoder 
2009) and therefore diet may be an inaccurate reflection of prey availability (Adams et al. 1992; 
Monaghan 1996). Specialist surface-feeding seabirds may be better indicators of prey 
availability than pursuit-diving generalists (Monaghan et al. 1992; Montevecchi 1993; Furness & 
Tasker 2000; Einoder 2009). However, specialists may over-represent the abundance of their 
targeted prey (Litzow et al. 2002) and only extreme shortages of preferred prey may be reflected 
in diet (Litzow et al. 2000). Nonetheless, seabird diet can be used to complement vessel-based 
surveys of fish stocks and contribute towards quota selections in fisheries management (Velarde 
et al. 1994; Montevecchi & Myers 1995; Durant et al. 2009). In combination with estimates of 
other seabird proxies, diet data can be particularly informative for fisheries management. As an 
example, the proportion of sardine (Sardinops sagax) in elegant tern (Thalasseus elegans) diet, 
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the breeding success of Heermann’s gulls (Larus heermanni) and a measure of sea surface 
temperature, showed a 73 % correlation to the Mexican sardine (Sardinops caeruleus) fishery’s 
CPUE (Velarde et al. 2004). Velarde et al. (2013) expanded on this and demonstrated how the 
diets of these seabirds (including that of Californian brown pelicans, Pelecanus occidentalis 
californicus) can be used to predict the CPUE of both the sardine and anchovy (Engraulis 
encrasicolus) fishery in the following season. These examples demonstrate the usefulness of 
seabird diet for fisheries management. 
The proportion of a specific age-class of a prey species in the diet of seabirds may be useful in 
predicting the strength or size of the prey cohort in the season to follow (Hatch & Sanger 1992; 
Diamond & Devlin 2003; Mills et al. 2007). This is currently the most widely used aspect of 
seabird ecology in fisheries management (Einoder 2009). 
Seabird diet can be used to monitor local fisheries activities, particularly because of the high 
quantities of discards that many fisheries generate that often feature in seabird diet (Furness & 
Camphuysen 1997; Einoder 2009; Mullers et al. 2009a). Diet is also being used to construct 
energy budgets for seabird populations in an attempt to quantify their resource-use on the coast 
in relation to fisheries catches (Einoder 2009).  
1.3. The study species: Cape gannet, Morus capensis 
Description 
The Cape gannet (Fig. 1.1) belongs to the Sulidae family and is one of three gannet species, the 
only one which breeds on African shores. Cape gannets have predominantly white feathers with 
a distinctive pale orange head and black primaries and secondaries. It is distinguished from its 
relatives (the Northern, M. bassanus, and Australasian, M. serrator, gannets) by its 
predominantly black tail-feathers (only about 10 percent of Cape gannets have some white on 
their tail-feathers: Broekhuysen & Liversidge 1954), extended gular stripe and black secondaries 
(Fig. 1.1). Northern gannets are also distinctly more aggressive than either the Cape or 
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Australasian gannets (Jarvis 1972). The Cape gannet has been observed to hybridise with 
Australasian gannets (Dyer et al. 2001; Robertson & Stephenson 2005), furthering the debate 
over the species separation of the three gannets (Jarvis 1972). Gannets are monomorphic 
species (Nelson 1978), although some attempts have been made to distinguish physical 
features between the sexes (Ropert-Coudert et al. 2005). On average, they weigh approximately 
2,600 g, have a 171-185 cm wingspan, and stand roughly 84-94 cm tall (Nelson 1978). Cape 
gannets are aerial masters; however on land they appear cumbersome, with their array of 
comical and elaborate behaviours (Nelson 1978) befitting to their Afrikaans name of “malgas” 
derived from the Dutch term for “mad goose”. 
 
Figure 1.1. The Cape gannet with characteristic extended gular stripe and black secondary and 
tail feathers. 
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Distribution 
Cape gannets currently breed on six southern African islands (Fig. 1.2) with no apparent 
shortage of nesting habitat along this coastline (Duffy & La Cock 1985). Three colonies are on 
islands off the Namibian coastline (Mercury, Ichaboe and Possession), two off South Africa’s 
west coast (Bird, Lambert’s Bay and Malgas) and one off the south coast (Bird, Algoa Bay) (Fig. 
1.2; Crawford et al. 2007). There is little overlap in the foraging ranges of breeding Cape 
gannets from these different colonies (Grémillet et al. 2004). Likewise, outside of the breeding 
season, isotopic signatures suggest that Cape gannets from different colonies also do not 
overlap significantly in their foraging ranges (Jaquemet & McQuaid 2008).  
Cape gannets forage in coastal shelf waters south of the equator, generally no further than 100 
km offshore (Crawford et al. 1983). Foraging usually occurs in areas of high productivity or 
upwelling (Grémillet et al. 2008b; Sabarros et al. in press). During the non-breeding season 
many adults disperse, rarely further than 1,000 km, from their breeding islands (Broekhuysen et 
al. 1961; Nelson 1978; Klages 1994). However, during the winter months some adults do return 
to the island to rest (apparently dominated by males in a 3:1 ratio; Nelson 1978), sometimes in 
similar numbers to during the breeding season (Bird Island, Algoa Bay; pers. obs.). Newly 
fledged Cape gannets tend to migrate up the west or east coast of Africa, as far as Ghana and 
northern Mozambique (Rand 1959a), possibly to reduce intraspecific competition with adults at 
their natal ground or because these areas are warmer, calmer and have a more abundant 
source of food (Nelson 1978). The trophic structure on the west coast has changed over the past 
few decades (Shannon et al. 1992; Watermeyer et al. 2008) and it is not known how this has 
affected juvenile Cape gannets.  
Barring the Abbott’s booby, Papasula abbotti, the Cape gannet has the most restricted breeding 
range of any sulid (Nelson 1978). Vagrant Cape gannets have on occasion been identified as far 
ashore as Australasia (Norman et al. 1998; Robertson & Stephenson 2005) and South America 
(Garcia-Godos 2002; Rebstock et al. 2010).  
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Figure 1.2. The location of the six Cape gannet breeding colonies (indicated by stars) along the 
Namibian (Mercury, Ichaboe and Possession Islands) and South African (Bird (Lambert’s Bay), 
Malgas and Bird (Algoa Bay) Islands) coastlines. Map courtesy of Green (2013). 
Life-history 
Breeding and nesting 
The Cape gannet is a colonially nesting seabird (Nelson 1978) and a central-place forager 
(Orians & Pearson 1979) meaning they consume food resources around a fixed locality, i.e. their 
breeding island. There are several hypothesised advantages and disadvantages associated with 
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colonial breeding, ranging from intraspecific signalling by providing social information during 
foraging (Grémillet et al. 2004; Thiebault & Tremblay 2013; Wakefield et al. 2013) and reducing 
predation pressure (Serrano et al. 2005), to intraspecific competition for resources (Ashmole 
1963; Lewis et al. 2001a; Gaston et al. 2007) and disease (Weimerskirch 2004), respectively.  
Cape gannets demonstrate a high fidelity to their nesting island (Broekhuysen et al. 1961; 
Crawford et al. 1994; Distiller et al. 2012) and their nest site (Klages 1994), returning around 
August of each year to begin breeding (Nelson 1978). The age at first breeding is at three or four 
years old (Nelson 1978) which follows the return of juveniles to their natal islands after two or 
three years after fledging (Broekhuysen et al. 1961). Cape gannet adults construct their nests 
entirely out of guano and associated debris, unlike its Northern and Australasian counterparts 
which carry nesting material (seaweed and plant matter) to their nest sites (Jarvis 1969). 
Breeding success is usually higher (Nelson 1978) and the onset of breeding earlier when more 
guano is available (Crawford & Cochrane 1990). The Cape gannet generally nests on flat ground 
in open areas where “runways” to facilitate take-off can be found (Nelson 1978). There appears 
to be no nest site selection in terms of positioning within the colony (Klages 1994). 
Males stake out a nest site and defend this against rival males (Nelson 1978). Courtship usually 
begins in August when females will be enticed by males to their nest sites followed by a mutual 
“fencing” display to strengthen the pair-bond (Nelson 1978). The egg laying period can extend 
for up to 90 days, peaking in mid-November (Nelson 1978) although there is inter-colony 
variation (Crawford & Cochrane 1990). Eggs weigh approximately 3.9 % of female body weight 
(Nelson 1978). If the egg is lost early during the breeding season (i.e. before mid-December) the 
female is capable of laying a replacement egg during that season (Staverees et al. 2008). 
Incubation lasts for 42 to 46 days and the parents take shifts in nest attendance while covering 
the egg with the webbing of their feet and sitting on it (Nelson 1978). Hatching success is 
approximately 80 % but factors such as predation by kelp gulls, Larus dominicanus, can reduce 
this (Staverees et al. 2008).  
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Cape gannets mostly lay one egg with only about 1 % of nests containing two eggs (Jarvis 1974). 
Many of these probably arose as a result of an adjacent egg that rolled into a nest already 
containing an egg, with no evidence of females laying two eggs (Jarvis 1974; Nelson 1978). 
Cape gannets can nonetheless raise two chicks to fledging with no appreciable effects on their 
own body condition (Jarvis 1974) but this is obviously dependent on local prey conditions. 
However, the “twin” chicks do demonstrate a lower fledging weight and therefore are likely to 
encounter a higher post-fledging mortality than “single” chicks (Jarvis 1974). The Northern 
gannet has been shown to be able to raise artificially-induced twins without any deleterious 
effect on fledgling mass (Nelson 1964).  
After hatching, the parents continue their biparental strategy by taking turns at guarding and 
provisioning the chick, with nest attendance bouts getting shorter as the chick ages (Nelson 
1978; Mullers & Tinbergen 2009). A partner has the capacity to partially compensate for any 
reduction in foraging effort incurred by the other partner (Bijleveld & Mullers 2009). Unlike the 
Northern gannet, after they are able to regulate their own body temperature, Cape gannet chicks 
are regularly left unattended while both parents forage (Nelson 1978; Mullers & Tinbergen 2009). 
Cape gannet chicks develop white fluffy-down feathers soon after hatching and these are 
gradually replaced by brown feathers before fledging (Nelson 1978). Associated with this dark 
coloration is a higher thermal load experienced by young Cape gannets which can have 
negative implications (Hochscheid et al. 2002).  
Survival and growth 
Breeding success (from egg-laying to successful chick fledging) varies substantially but is 
around 60 % on average in Cape gannets (Randall & Ross 1979; Adams et al. 1992; Staverees 
et al. 2008; Green & Pistorius 2013). In years of low prey availability it can be much lower than 
this (2 % at Malgas Island in the 2005/2006 season; Pichegru et al. 2010). 
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Cape gannet chicks take 93 to 105 days to fledge after hatching, reaching a peak weight of just 
under 3 kg at around 80 to 90 days (Nelson 1978; Mullers et al. 2009a). Survival and growth to 
fledging is driven by local prey resource and environmental conditions (Mullers et al. 2007; 
Mullers & Navarro 2010), with reductions in high quality prey availability resulting in higher 
incidences of chick starvation (Okes et al. 2009). Additionally, breeding success and chick 
survival is strongly correlated to adult body condition and favourable foraging conditions in the 
months prior to nesting (Grémillet et al. 2008a; Mullers et al. 2009a; Sabarros et al. 2012). There 
does not appear to be a strong effect of parent age on breeding success (Staverees et al. 2008) 
nor effect of nest site selection on chick growth in terms of edge nests versus those on the 
interior of the colony (Mullers et al. 2009a). However, predation effects (e.g. kelp gulls predating 
on eggs) potentially reduce breeding success of birds breeding on the periphery of the colony 
(Staverees et al. 2008; Green & Pistorius 2013). Parent sex may affect chick survival and growth 
through differing nest attendance levels, provisioning rates, or foraging ranges (Mullers & 
Tinbergen 2009; Mullers & Navarro 2010), the significance of which for species like the Cape 
gannet remains to be seen (Lewis et al. 2002). 
Mortality risk is highest immediately post fledging (Jarvis 1974). Cape gannet fledglings at their 
optimum weight can remain for a maximum of one week out at sea before they need to find food 
(Jarvis 1974; Nelson 1978). Cape gannet fledglings which fledge earlier in the season appear to 
have higher survival, possibly due to favourable foraging conditions during this stage of the 
breeding season (Jarvis 1974; Nelson 1978). Survival amongst adults is relatively high with an 
estimated 15 % annual mortality (Broekhuysen et al. 1961; Altwegg et al. 2008; Distiller et al. 
2012).  
Foraging ecology 
Amongst seabirds, gannets have perhaps one of the most impressive foraging strategies, 
initiating aerial plunge dives from up to 30 m into the water column in pursuit of their prey 
(Ropert-Coudert et al. 2004a). Cape gannets rely largely on momentum to obtain depth 
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(maximum recorded dive depth is 13 m: Adams & Walter 1993) while diving (Ropert-Coudert et 
al. 2004a). They feed on an array of epipelagic prey species, mainly sardine, anchovy, horse 
mackerel (Trachurus trachurus capensis) and saury (Scomberesox saurus), depending on 
locality, season and prey availability (Rand 1959a; Batchelor & Ross 1984; Klages et al. 1992; 
Berruti et al. 1993). Sardine appears to be the preferred prey item and is targeted if available 
(Batchelor & Ross 1984; Adams & Klages 1999). Cape gannets are considered visual hunters 
(Ropert-Coudert et al. 2004b) and make use of cues such as conspecifics (Thiebault & Tremblay 
2013), fishing vessels (Tew Kai et al. 2013), or ocean fronts (Sabarros et al. in press) to locate 
their prey. During the austral winter many Cape gannets follow the sardine migration along the 
southern and east coast of Africa (Rand 1959a; Nelson 1978; Klages 1994) and are a dominant 
predator thereof (O’Donoghue et al. 2010a; O’Donoghue et al. 2010b).  
Prey composition in Cape gannet diet often mirrors commercial fishing catches (Nelson 1978; 
Berruti & Colclough 1987; Pichegru et al. 2009). Spatial overlap in foraging distribution between 
Cape gannets and fisheries targeting similar species is variable, ranging from very little (Okes et 
al. 2009; Moseley et al. 2012) to extensive overlap (Pichegru et al. 2009) depending on the 
availability of prey (Tew Kai et al. 2013).  
On an average day’s foraging during the breeding season a Cape gannet will likely catch 300 to 
400 g of fish (Rand 1959a; Nelson 1978; Klages et al. 1992) and will spend up to 50 % of its 
time flying while away from the nest, during daylight hours (Adams & Klages 1999; Ropert-
Coudert et al. 2004b). Higher energy requirements during chick-rearing necessitate that parents 
return to their nests with larger quantities of fish, but with a similar diet species composition, to 
those caught by non-breeding birds (Berruti 1991). Cape gannets, and gannets in general, have 
amongst the highest metabolic rates and wing-loading of any of the flying seabirds (Adams et al. 
1991; Green et al. 2009; Mullers et al. 2009b), but a surprisingly low heart rate with little 
difference between gliding and flapping flight (Ropert-Coudert et al. 2006). This emphasises 
their adaptability to coastal foraging in unpredictable weather (Ropert-Coudert et al. 2006).  
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Breeding Cape gannets have a multi-modal distribution in foraging duration (Adams & Navarro 
2005; Mullers et al. 2007), resulting from one-day foraging trips versus overnight trips (Adams & 
Klages 1999; Ropert-Coudert et al. 2004b). Unlike some other pelagic seabirds with bimodal 
foraging durations (Weimerskirch et al. 1994; Welcker et al. 2009a), the longer foraging trips in 
Cape gannets are not a method to replenish a depleted adult’s body condition following several 
short chick-provisioning foraging trips (Adams & Klages 1999). The overnight trips are likely as a 
result of an unsuccessful first day’s foraging, an extended search, or more distant, but profitable, 
foraging grounds (Ropert-Coudert et al. 2004b). Foraging duration is closely linked to foraging 
range in gannets (Hamer et al. 2000; Grémillet et al. 2004; Lewis et al. 2006), although this is 
not always the case (Adams & Navarro 2005; Pichegru et al. 2007) and may be additionally 
linked to intraspecific competition (Moseley et al. 2012) or prey availability in the colony’s 
“cultural” range (Pichegru et al. 2010). Foraging duration is also closely correlated to foraging 
effort (i.e. amount of time flying versus drifting on the sea) in Cape gannets (Mullers et al. 2007).  
Like many other seabirds, the Cape gannet has a flexible foraging strategy in both time 
allocation and spatial movements, depending on parent and chick requirements and prey 
availability (Mullers et al. 2007; Pichegru et al. 2007; Mullers et al. 2009b; Moseley et al. 2012). 
Adult gannets tend to prioritise their own needs by increasing foraging effort when prey is scarce 
and shift deleterious effects onto their chicks (Mullers & Tinbergen 2009; Pichegru et al. 2010). 
Consequently, environmental and fishing pressures predominantly affect recruitment to breeding 
colonies over adult survival (Distiller et al. 2012). 
Seabirds in the Benguela ecosystem, such as the Cape gannet, are not adapted to extreme 
fluctuations in prey resources, which is in contrast to the similar seabird assemblage in the 
Humboldt ecosystem off South America which undergoes cyclical extremes in productivity 
through El Niño events (Crawford & Jahncke 1999; Crawford et al. 2006). Seabirds in the 
Humboldt ecosystem shift their distribution and prey selection and even terminate breeding 
when El Niño-induced perturbations prevail, whereas there is no account of Benguela seabirds 
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adopting such extreme measures (Crawford et al. 2006). Furthermore, intense fishing pressure 
in the Benguela ecosystem has reduced epipelagic fish stocks and thus restricted the resilience 
by means of prey switching of the Cape gannet (Crawford et al. 2006; Crawford et al. 2007).  
Recently there has been an increasing quantity of discards from deep-water trawl fisheries, 
targeting hake Merluccius spp., in the diet of Cape gannets (Pichegru et al. 2007; Grémillet et al. 
2008a; Mullers et al. 2009a; Moseley et al. 2012). Adults are able to meet their energy 
requirements on trawl discards (Pichegru et al. 2007; Mullers et al. 2009a) and actively follow 
fishing trawlers in years when their natural prey is scarce (Tew Kai et al. 2013). Chicks fed on 
discards, however, suffer lower growth which can increase mortality rates (Pichegru et al. 2007; 
Mullers et al. 2009a) as hake has only half the calorific content of sardine (Batchelor & Ross 
1984). Chicks fed predominantly on trawled fish have also been shown to grow slower than 
those fed on local epipelagic species such as sardine and anchovy (Batchelor & Ross 1984). 
Fisheries discards are perhaps most beneficial to non-breeding Cape gannets which do not have 
to increase their foraging effort substantially to meet the energy requirements of their chicks 
(Grémillet et al. 2008a). In some cases foraging effort has decreased because the hake discards 
are available closer to colonies than pelagic fish shoals (Okes et al. 2009; Mullers & Navarro 
2010). However, despite shorter foraging trips, the chicks fed on hake discards do not meet all of 
their energy requirements (Mullers et al. 2009a; Mullers & Navarro 2010). As a positive effect of 
fishery discards (Tasker et al. 2000), the collapse of the sardine stocks on the west coast may 
have been buffered by the availability of hake trawl discards, demonstrated by the comparatively 
better state of the South African west coast population which is situated closer to the trawl 
industry than the Namibian population (Mullers et al. 2009a).  
Historical population changes 
Between 1956 and 1979 the Cape gannet population at Bird Island, Algoa Bay, was on the 
increase (Randall & Ross 1979). West coast populations decreased in size from the 1950s to 
the mid-1960s as a likely result of the locally overfished sardine stock while the southern 
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population increased as the anchovy population boomed in that region (Crawford et al. 1983). 
pelagic gobies, Sufflogobius bibarbartus, partially replaced the depleted sardine stocks and 
these, together with saury, were more prominent in Cape gannet diet on the west coast 
(Crawford et al. 1985). Overall, the Cape gannet population was reduced to 54 % of its size by 
1980 in comparison to 1956 (Crawford et al. 1983). During this period there was a shift in 
numbers of Cape gannets away from Namibian islands to South African islands (Crawford et al. 
1983), and by 2006 only 7 % of the Cape gannet population was in Namibia compared to 80 % 
in 1956/1957 (Crawford et al. 2007). By 2005/2006, the Namibian populations had declined by 
85 to 98 % of their 1956/1957 levels (Crawford et al. 2007). The South African populations over 
this period showed an overall increase, with the Malgas Island population increasing by 40 % 
and the Bird Island, Algoa Bay, population increasing fivefold (Crawford et al. 2007). The 
numbers of breeding Cape gannets was strongly correlated to the regional combined biomass of 
anchovy and sardine (Crawford et al. 2007). South Africa now holds the majority of the southern 
African sardine fishery’s biomass (van der Lingen et al. 2005; Crawford et al. 2007). Bird Island, 
Algoa Bay, is currently the largest gannetry in the world, supporting 98,000 breeding pairs in 
2005/2006 (Crawford et al. 2007). There is preliminary evidence that the colony may be reaching 
carrying capacity as suggested by longer foraging trips in comparison to other colonies (Moseley 
et al. 2012).  
Globally, epipelagic fish species undergo large-scale fluctuations in abundance, driven by 
environmental and fishing pressures or interactions with other species (Crawford 1991; 
Schwartzlose et al. 1999). Cape gannets can switch their dominant prey according to these 
fluctuations in epipelagic fish stocks (Crawford & Dyer 1995). By the mid to late 1980s the 
sardine population on the west coast was resurging (Berruti et al. 1993). However, commercial 
fisheries catches were shifting more easterly along the coast by the early 2000s (van der Lingen 
et al. 2005; Fairweather et al. 2006), despite effort being concentrated on the west coast 
(Coetzee et al. 2008), explaining the decline in west coast Cape gannet populations (Crawford et 
al. 2007; Crawford et al. 2008a). In response to a history of overall population decline, the 
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International Union for Conservation of Nature lists the Cape gannet as Vulnerable to extinction 
(IUCN 2013). 
Population threats 
Island disturbance  
The guano boom of 1844/5 led to harvests of “unlimited” supplies of this fertiliser and removal of 
much of it from southern African islands together with its wildlife (Rand 1952). Approximately 
4,000 tonnes of Cape gannet guano was harvested in South Africa in 1959 (Rand 1959b). 
Guano collection in South Africa was only officially halted in 1991 as a seabird conservation 
measure (Crawford et al. 2007). Cape gannets require guano to build their nests and a reduction 
in the availability of guano has been linked to decreased breeding success (Jarvis 1969). Guano 
scraping has also changed the run-off topography of many islands and as a result pools of 
rainwater are prone to accumulate and flood nests (Randall & Ross 1979; Crawford et al. 1983). 
Guano is also an important nutrient source for the nearby island ecosystem (Bosman & Hockey 
1988).  
Predation 
Predators present a significant threat to Cape gannet populations, particularly to juveniles and 
chicks. Cape fur seals (Arctocephalus pusillus pusillus) often predate on newly fledged juvenile 
Cape gannets that land on the sea surface (David et al. 2003) and have even been known to kill 
Cape gannets on land (Crawford & Cooper 1996), sometimes displacing portions of nesting 
Cape gannets (Wolfaardt & WIlliams 2006; Kirkman 2009). Generally only a few individual seals, 
usually males, become problem animals by adopting this behaviour (David et al. 2003; 
Mecenero et al. 2005). Seal predation on fledgling gannets at some islands would be 
unsustainable if conservation measures to cull problem Cape fur seals were not implemented 
(Makhado et al. 2006).  
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kelp gulls are also known to prey upon young, unattended Cape gannet chicks and to steal eggs 
from brooding adults when they have a nest change-over (Mullers & Tinbergen 2009), especially 
nearer the edge of the colony (Mullers et al. 2007; Green & Pistorius 2013). Great white pelicans 
(Pelecanus onocrotalus) predate on young Cape gannets at Malgas Island (de Ponte Machado 
2007; Pichegru et al. 2007). The impact of this avian predation is currently unknown but is 
thought to be significant. 
Oiling 
Oil spills represent a significant threat to the Cape gannet, particularly if they occur in the vicinity 
of a breeding colony where the gannets use the nearby ocean to wash and preen themselves 
(Jarvis 1969; Wolfaardt et al. 2009). Seabirds in general are under particular threat in instances 
of unpredictable oil spills (Crawford et al. 2000; Parsons & Underhill 2005). Rehabilitation 
centres are effective in rehabilitating oiled Cape gannets that are victims of oils spills (Parsons & 
Underhill 2005), with survival amongst rehabilitated Cape gannets being nearly equal to the 
natural survival of non-oiled birds (Altwegg et al. 2008). Rehabilitation centres are therefore 
justified as an appropriate conservation tool for Cape gannets (Wolfaardt et al. 2009). 
Interactions with fisheries 
The competition between seabirds and the fishing industry for a common resource has been an 
ongoing debate, with seabirds often receiving scant attention in fisheries management (Jarvis 
1969; Crawford 2004; Okes et al. 2009). Between 1964 and 1968, epipelagic prey consumed by 
Cape gannets was less than 1 % of the total commercial catch (Jarvis 1969). In the 1980s it was 
estimated that Cape gannets caught 18 % of the epipelagic fish biomass cumulatively caught by 
the most abundant coastal seabird species (including African penguins, Spheniscus demersus, 
and Cape cormorants, Phalacrocorax capensis), which together were thought to catch between 
17 and 29 % of the total epipelagic fish biomass in South Africa (Furness & Cooper 1982). 
Between 1980 and 1985 Cape gannets caught 3 % and 16 % of the anchovy and sardine 
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commercial fishing catch respectively, but this was only estimated as being 1 % of the total 
anchovy spawner biomass (Adams et al. 1991). The southern African population of roughly 
270,000 Cape gannets during the 1980s consumed about 5,000 tonnes of fish annually 
(Crawford et al. 1991). There has thus been substantial variation in the epipelagic biomass and 
the fraction consumed by seabirds in southern Africa over time (Adams et al. 1991). The 
anchovy and sardine fishery, together with some environmental influence, has likely driven the 
eastward shift in these prey species (van der Lingen et al. 2005; Coetzee et al. 2008), 
consequently negatively affecting the most westerly Cape gannet populations (Crawford et al. 
2008a). Cape gannets would likely benefit from areas of the coastal oceans designated as “no-
take” Marine Protected Areas (MPAs; Crawford et al. 2008a; Okes et al. 2009; Pichegru et al. 
2009) as well as being factored into an Ecosystem-based Approach to Fisheries (EAF; Pichegru 
et al. 2009). 
Cape gannets also face a threat through incidental bycatch where they are caught and killed by 
long-line and trawl fisheries (Ryan et al. 2002; Watkins et al. 2008; Petersen et al. 2009a; 
Petersen et al. 2009b). In the past, fishermen have periodically killed Cape gannets for food 
(Jarvis 1969). A reduction in the abundance of higher level trophic predators such as pinnipeds, 
dolphins and tuna due to fishing pressure has potentially affected the availability of prey to Cape 
gannets: these species forage by forcing epipelagic fish shoals to the surface, making them 
available to shallow-water diving seabirds like the Cape gannet (Le Corre & Jaquemet 2005; 
Sabarros et al. 2012).  
Climate change 
Climate change appears to have, in part, been responsible for the eastward distributional shift of 
Cape gannets (Crawford et al. 2008b), by impacting on the distribution of sardine and anchovy 
stocks (van der Lingen et al. 2005; Fairweather et al. 2006; Crawford et al. 2008a) and 
increased predation at westerly colonies by species such as Cape fur seals and great white 
pelicans forced to seek alternative prey (Crawford et al. 2008b). Similarly several other seabirds 
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in southern Africa have shifted eastwards along the coast (Crawford et al. 2008b). The 
behavioural flexibility that the Cape gannet shows may not be sufficient to buffer against 
protracted years of poor local prey availability which is likely to result from current environmental 
change and industrial fishing (Pichegru et al. 2010). Furthermore, Cape gannets are faithful to 
their nesting islands (Distiller et al. 2012) and are predicted to suffer the consequences of local 
forage depletion because of their inflexibility to migrate to new, profitable breeding grounds 
(Pichegru et al. 2010). 
The Cape gannet as a biomonitor 
For some time seabirds like the Cape gannet have been suggested as useful monitors of South 
African epipelagic fish stocks (Crawford et al. 1983; Berruti 1987). The Cape gannet’s population 
trends appear to be driven largely by bottom-up processes (Shannon et al. 1992) and is 
therefore likely to be a useful indicator of lower trophic-level fluctuations in ocean conditions. 
There is a good correlation with Cape gannet foraging range and primary productivity (Grémillet 
et al. 2008b), although the spatial relationship between the intermediate levels (i.e. zooplankton 
and epipelagic fish) is not yet clear. The Cape gannet has been identified as a potential indicator 
of the regional biomass of its target prey species (e.g. sardine), particularly when these are at a 
low to medium abundance (Berruti & Colclough 1987; but see Adams et al. 1992). In the 
absence of expensive offshore monitoring practices, analysis of Cape gannet diet can provide a 
useful indication of the state of the local epipelagic fish stocks (Klages et al. 1992). Oatley et al. 
(1992) suggested that the recovery rate of dead juvenile Cape gannets that were ringed may be 
a useful indicator of adverse ocean conditions. 
Of the possible Cape gannet proxies for prey availability that have been measured, including diet, 
population estimates, chick growth and nest attendance, correlations to epipelagic prey 
abundances were fairly weak (Adams et al. 1992). Although identifying it as a problem (Adams 
et al. 1992), the fact that seabirds such as the Cape gannet can buffer against poor prey 
availability by increasing foraging effort suggests that nest attendance and foraging duration may 
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be a suitable proxy to monitor prey availability (Cairns 1987). Whether this is through an 
increase in the amount of time a Cape gannet spends flying while foraging (Adams & Klages 
1999; Mullers et al. 2009b), or through an increase in the total time spent foraging (Ropert-
Coudert et al. 2004b; Pichegru et al. 2007; Mullers & Tinbergen 2009) is unclear. Foraging effort 
of Cape gannets may therefore be the most suitable indicator of prey conditions (Adams & 
Klages 1999; Ropert-Coudert et al. 2004b), although it is also likely to be affected by abiotic 
drivers such as wind (Grémillet et al. 2004). Foraging effort is also a useful indicator of overall 
population health of Cape gannets (Pichegru et al. 2007), as it is for the Northern gannet 
(Grémillet et al. 2006). However, this proxy is not always reflective of population status but rather 
of local prey conditions (Mullers & Navarro 2010). Ultimately it seems that the best predictor or 
descriptor of environmental and prey conditions is a composite array of behavioural and physical 
measures of the Cape gannet, as was demonstrated by Lewis et al. (2006), making the Cape 
gannet an ideal candidate as a biomonitor of its local environment (Distiller et al. 2012) . 
1.4. Rationale for this study 
In this study, the Cape gannet was used as a model species to trial a novel VHF technique for 
automated monitoring of time-activity budgets in seabirds. As with most seabirds, Cape gannets 
are under threat from a reduction in their prey base (Crawford et al. 2007; Croxall et al. 2012). 
Seabirds are, however, ideal bioindicator candidates for their commercially important prey stocks 
(Lewis et al. 2006; Distiller et al. 2012). The accurate quantification of Cape gannet time-activity 
budgets, the most informative seabird proxy of prey state (Cairns 1987; Litzow & Piatt 2003; 
Piatt et al. 2007; Jacobs et al. 2013), will provide a useful indication of prey availability. 
Furthermore, these data can be used to gain a better understanding of the mechanisms 
associated with population changes as well as why the study-site colony at Bird Island, Algoa 
Bay, is so different in terms of population change to its declining western counterparts (Crawford 
et al. 2007). Benefitting from modern advances in technology, miniature VHF devices were 
equipped on Cape gannets for long-term attachment to automatically monitor their time-activity 
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budgets. This form of monitoring is low-impact and is not labour intensive, making it an ideal tool 
for incorporating Cape gannet time-activity budgets as a long-term indicator of local prey 
conditions. This automated monitoring technique, because of the fine-scale resolution of data, 
will allow for an assessment of individual and sex-specific Cape gannet foraging variability, both 
of which are important to understand in terms of conservation management (Clutton-Brock & 
Sheldon 2010; Sommerfeld et al. 2013). 
1.5. Aims of this study 
1. Set up an automated receiver on Bird Island to monitor Cape gannet parent time-activity 
budgets via attached VHF transmitters. 
2. Determine the influence of intraspecific factors (such as sex, chick-age, adult body 
condition and nest-site) on Cape gannet time-activity budgets. 
3. Investigate the relationship between parent behaviour and chick growth and survival in 
Cape gannets. 
1.6. Thesis outline 
Following on from this general introduction outlined above, chapter 2 briefly introduces the 
study site, Bird Island, Algoa Bay. I structured the subsequent chapters of this thesis in a format 
which is suitable for submission as full scientific articles and as such there is some overlap 
between sections. 
In chapter 3 I describe the novel approach of using attached VHF transmitters as a method of 
quantifying time-activity budgets in a colonially-breeding seabird, the Cape gannet. This chapter 
focuses on whether this automated method accurately reflects the nest attendance patterns of 
adult Cape gannets through comparisons with control birds and conventional directly observed 
nest attendance data. Importantly, it also investigates whether there are any deleterious effects 
of device attachment. The relationship between total trip duration and the actual proportion of 
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time foraging is analysed to determine whether trip duration is a good reflection of foraging effort. 
This chapter concludes with an assessment of the benefits and potential pitfalls of the VHF 
automated monitoring technique. 
In chapter 4 I use the fine-scale data on trip durations generated by the VHF system to 
investigate possible drivers of time-activity budget variability in Cape gannets during the 
breeding season. I assess the effects of sex, individual differences, chick age, time of day and 
adult body condition using a modelling approach to describe time-activity budget variation.  
In chapter 5 I investigate the influence of time-activity budget variation on chick growth and 
survival. Parental investment in a long-lived species is an important life-history trade-off and this 
chapter describes how variable time-activity allocation by Cape gannet parents affects their 
offspring. 
As a conclusion, I summarise the findings of my thesis into a contextual framework. I highlight 
the benefits of this automated technology and the potential for its inclusion in research of 
colonially-breeding seabirds. I also discuss the potential use of fine scale time-activity budget 
data in fisheries management. 
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Chapter 2 
Study Site 
Fieldwork was conducted on Bird Island, Algoa Bay, South Africa (33° 50’ S, 26° 17’ E; Fig. 2.1). 
Breeding Cape gannets rarely forage further than 200 km from this site (Pichegru et al. 2007; 
Moseley et al. 2012; Green 2013; Fig. 2.2) or beyond the continental shelf while foraging 
(Crawford et al. 1983). As such this chapter focusses on the environment surrounding Bird 
Island with a brief account of the physical conditions to which these gannets are exposed. 
 
Figure 2.1. The location of Bird Island (represented as a star) within Algoa Bay, South Africa.  
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2.1. Bird Island 
Bird Island is the largest island of the Bird Island group (made up of Bird, Seal and Stag Islands 
and Black Rocks) and covers approximately 19 hectares, reaching an elevation of no more 10 m 
above sea level (Randall & Ross 1979). The island is situated about eight kilometres from the 
nearest landmass on the eastern edge of Algoa Bay (Fig. 2.1). Structurally, it is made up of 
quartzitic Ordovician sandstone originating from the Table Mountain Group (Bremner & Day 
1991; Stewardson et al. 2012). Much of the surface of the island is covered by guano, which 
sustained a profitable guano-harvesting industry from 1850 to 1988 (Randall & Ross 1979; 
Crawford et al. 2007). Guano originates from the two seabirds, both of which are at risk of 
extinction (IUCN 2013), which comprise the majority of the island’s fauna: the Cape gannet and 
African penguin (Crawford et al. 2007; Crawford et al. 2008b). Rooted in the guano-sandstone 
soil in areas not used by breeding Cape gannets are dense patches of low-growing vegetation 
dominated by Mesembryanthemum, Tetragonia and Chenopodium species (Rand 1963). 
The climate was well portrayed by Stewardson et al. (2012) in a three-year study (1993-1995) at 
Bird Island. During that study daytime air temperature was warmest during the summer months 
and ranged between 9 °C and 33 °C. Rainfall (roughly 600 mm per annum) occurred irregularly 
throughout the year but was highest in the summer, reflecting the region’s position as an 
intermediate location between the west coast’s winter and east coast’s summer rainfall regimes 
(Rouault et al. 2013). Prevailing wind direction at Bird Island runs parallel to South Africa’s 
coastline with westerly winds, often the direction from which gale-force winds originate, blowing 
throughout the year and easterly winds being more common in summer (Schumann 1992; 
Stewardson et al. 2012). Bird Island is exposed to the prevailing coastal swell from the 
southwest, which typically ranges from 0.5 to 6 m in height (Stewardson et al. 2012) but can 
reach up to 10 m (Bremner 1991b). 
The waters surrounding Bird Island between the latitudes 33° 48’.0 S and 33° 52’.5 S and 
longitudes 26° 14’.5 E and 26° 20’.0 E were proclaimed as a no-take MPA in February 2004 
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(Republic of South Africa 2004). The primary objectives of this MPA are to protect seabird, 
abalone, Haliotis midae, and linefish populations associated with the islands as well as to 
regulate marine activities such as diving (Republic of South Africa 2004).  
 
Figure 2.2. The foraging distribution of GPS-equipped chick-provisioning Cape gannets during 
the 2012/2013 breeding season at Bird Island, Algoa Bay (represented as a star), South Africa. 
The edge of the continental shelf is shown by incremental 200 m isobaths (light grey lines). 
Utilisation densities (proportion of GPS foraging points) of 95 % (outlined by the bold lines) and 
50 % (dark grey shaded areas) are indicated. Map courtesy of Green (2013). 
2.2. Algoa Bay and South Africa’s south-eastern coastline 
The oceanography off the south-eastern coastline of South Africa is dominated by the influence 
of the warm Agulhas current which flows from northern subtropical and tropical waters 
(Schumann 1987; Lutjeharms & Van Ballegooyen 1988; Goschen et al. 2012; Fig 2.1). Algoa 
Bay is the most easterly log-spiral bay in South Africa (Goschen & Schumann 2011), 
characterised by a large protruding headland (Cape Recife) protecting a sheltered embayment 
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(the Port Elizabeth region) which extends into an exposed arcing coastline (the Alexandria 
dunefield region) culminating in a minor headland at Cape Padrone (Fig. 2.1). It is a gentle 
sloping bay with a maximum depth of 70 m (Bremner 1991a). Eddies and occasional intrusions 
of warm water into Algoa Bay form as the Agulhas Current flows past the narrow continental 
shelf along the east coast before it reaches the Agulhas Bank on the south coast (Goschen & 
Schumann 1988; Goschen & Schumann 1990) where a retroflection process develops 
(Lutjeharms & Van Ballegooyen 1988). The Agulhas current gradually loses heat as it flows 
southwards and in the vicinity of Algoa Bay averages 26 °C in summer (10 °C surface range) 
and 22-23 °C in winter (2 °C surface range) at its core (Schumann & Beekman 1984).  
There is a strong correlation between wind, currents and sea surface temperature in Algoa Bay 
and its surrounds (Goschen et al. 2012; Pattrick et al. 2013). As for Bird Island, westerly winds 
prevail for much of the year (Goschen & Schumann 1988). During periods of north-easterly 
winds, predominantly in summer, upwelling of cold, nutrient-rich, benthic waters may occur along 
the south-east coast from Port Alfred to the eastern boundary of Algoa Bay (Goschen et al. 
2012). Along the south coast, upwelling occurs at the exposed capes as a result of easterly wind 
(Schumann et al. 1988) and these cells of cold water may then be shifted towards Algoa Bay by 
westerly winds (Goschen & Schumann 1995). As a function of this interplay, mean monthly sea 
surface temperatures (SST) in Algoa Bay range from 15.5 °C to 21.0 °C (Schumann et al. 1995) 
with upwelling events rapidly lowering localised SST by up to 10 °C (Schumann et al. 1988; 
Goschen et al. 2012). 
Coastal upwelling events generate high levels of productivity (Shannon et al. 1984; Demarcq et 
al. 2003; Barlow et al. 2010) and contribute towards sustaining many of the commercially 
important fisheries, such as those targeting anchovy and sardine, which spawn on the Agulhas 
Bank (Hutchings 1994; Jackson et al. 2012). Furthermore, there is a significant upwelling cell on 
the south-eastern ridge of the Agulhas Bank near Algoa Bay (Jackson et al. 2012) which is 
thought to fuel the high productivity in this region (Barlow et al. 2010). 
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Chapter 3 
An automated approach towards measuring time-activity budgets in 
colonial seabirds 
3.1. Introduction 
Globally, ocean systems are experiencing increasing climate-driven (Hoegh-Guldberg & Bruno 
2010) and anthropogenic pressures (Jackson et al. 2001) which are likely driving changes in 
trophic structures (Walther et al. 2002). For example, epipelagic fish have shifted their relative 
abundance and distribution in several ecosystems as a result of these pressures (Schwartzlose 
et al. 1999; Coetzee et al. 2008). Fisheries scientists regularly attempt to assess the health and 
status of fish stocks to ensure their long-term sustainability (Pauly et al. 2002). Stock 
assessments are however often limited by logistical and financial constraints and alternative or 
supplementary means of assessment have been advocated (Cairns 1987; Cairns 1992; Durant 
et al. 2009). Since the early 1980s changes in seabird demographics, behaviour and diet have 
been linked to changes in fish stocks (Cairns 1987; Berruti et al. 1993; Montevecchi 1993), 
thereby providing a potential alternative tool to assess ecosystem changes (Furness & 
Camphuysen 1997; Piatt et al. 2007; Durant et al. 2009) and the effects of fisheries (Bertrand et 
al. 2012). 
Several seabird proxies relate to foraging conditions, including breeding success, adult survival, 
diet, foraging range and behavioural activity budgets (Cairns 1987; Piatt et al. 2007). Prey 
availability generally affects these traits in a non-linear fashion (Cairns 1987) with a certain 
threshold after which changes become noticeable (Durant et al. 2009). Foraging behaviour is the 
most sensitive trait to changes in prey conditions (Monaghan 1996; Durant et al. 2009), 
particularly for larger species that have greater energy reserves and foraging flexibility (Hamer et 
al. 2006). Seabirds generally buffer against variability in prey availability through their flexible 
time-activity budgets, spending less time foraging when prey is readily available (Cairns 1987; 
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Burger & Piatt 1990; Litzow & Piatt 2003). In these seabirds, time spent foraging is similar to 
catch-per-unit-effort data in fisheries (Montevecchi 1993), and probably the most useful and 
accurate proxy of prey availability (Cairns 1987; Monaghan 1996; Durant et al. 2009). 
Measuring the behaviour of an animal is intrinsically challenging (Tremblay 2003). Seabird 
behaviour has traditionally been recorded through laborious direct observation (e.g. Burger & 
Piatt 1990; Uttley et al. 1994) but technological improvements in the miniaturisation of data 
loggers have revolutionised seabird behavioural and ecological studies (Weimerskirch & Lys 
2000; Ropert-Coudert & Wilson 2005; Burger & Shaffer 2008; Wilson & Vandenabeele 2012). As 
instruments attached to birds occasionally have deleterious effects (Phillips et al. 2003; 
Vandenabeele et al. 2011), and are limited in battery capacity or memory (Wilson & 
Vandenabeele 2012), attachment is usually for short periods of time (Carey et al. 2009). Small 
devices, however, can be attached to seabird leg-rings with little to no effect on the bird over 
long periods of time (Weimerskirch & Wilson 2000; Carey 2011; Linnebjerg et al. 2013). This 
provides an opportunity for long-term deployment of devices in seabird monitoring schemes.  
VHF (Very High Frequency) radio transmitters have been attached to seabirds to measure nest 
attendance (e.g. Lewis et al. 2002; Tremblay & Cherel 2005; Shoji & Gaston 2010), although 
deployments have been for short durations (on the scale of weeks to months) with transmitters 
attached to the birds’ feathers. Leg-mounted Time-Depth Recorders (TDRs) have also been 
used to automatically record seabird nest attendance (e.g. Linnebjerg et al. 2013), but again 
attachment duration has been short. In this study a method for long-term monitoring of time-
activity budgets in a colonially breeding seabird using leg-ring mounted VHF transmitters is 
tested. The devices used can be deployed for up to three and a half years, limited by battery-life, 
and can be simultaneously and continuously scanned for because their identity is digitally coded. 
This distinguishes this approach from other similar methods where multiple transmitters were 
only possible if multiple transmitting frequencies were used (e.g. Terauds & Gales 2006). 
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The Cape gannet, which breeds on six islands off the southern African coast (Crawford et al. 
2007), was studied. On-going decreases in the numbers of Cape gannets at all five west coast 
colonies have resulted in the species being listed as Vulnerable, with only one population (Bird 
Island, Algoa Bay) being stable or increasing (Crawford et al. 2007; IUCN 2013). Cape gannets 
feed in the epipelagic zone by plunge-diving (Ropert-Coudert et al. 2004a) and primarily target 
commercially important sardine and anchovy (Batchelor & Ross 1984; Klages et al. 1992; Berruti 
et al. 1993). Cape gannets breed colonially, are long-lived (Nelson 1978; Distiller et al. 2012) 
and demonstrate strong fidelity to both breeding location (Crawford et al. 1994; Distiller et al. 
2012) and nest site (Klages 1994). Therefore, a large number of birds can be easily studied 
during a crucial part of their life-history in the breeding season when resources are likely to be 
limiting (Ashmole 1963; Birt et al. 1987) and individuals can be relatively easily monitored in 
consecutive breeding seasons.  
This study examines whether a long-term automated approach to measuring time-activity 
budgets using VHF technology can provide accurate time-activity budget data and replace direct 
monitoring of nest attendance in colonially breeding seabirds. Such an application could hold 
major potential in terms of long-term monitoring of seabirds to better understand the dynamic 
interaction between seabirds and their prey. This is not only important for fisheries management 
but also for improved conservation of threatened seabird species (Lewis et al. 2006). 
3.2. Materials and Methods 
Study site 
The study was performed at Bird Island, Algoa Bay, South Africa (33° 50’ S, 26° 17’ E). This flat 
(less than 10 m above sea level) 19 ha island is situated 70 km east of Port Elizabeth (Randall & 
Ross 1979), on the boundary between the Benguela region and the Agulhas Current (Goschen 
et al. 2012). Bird Island globally hosts the largest gannetry numbering circa 90,000 pairs 
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(Crawford et al. 2007) covering approximately 2.9 ha of the island (Green & Pistorius 2013). This 
study was confined to a southern sub-section on the edge of the colony. 
The automated system 
A 12 V automatic data-logging VHF receiver (DataSika-C5; BioTrack, United Kingdom) powered 
via solar panels was set up in December 2011 on an outbuilding at Bird Island, ~40 m from the 
Cape gannet colony. A Yagi antenna, fixed to a 7 m high pole, was connected to the receiver 
and directed towards the gannet colony. The receiver repeated a 41 s scan for 150.38 MHz 
signals. When fieldworkers were not on the island a 1-5 min pause between scans was 
programmed for memory-saving purposes. 
Coded VHF transmitters (NTQB-6-2; Lotek Wireless Inc., Canada) were used and these allow 
for several hundred transmitters to be individually identified by the receiver on the same 
frequency. The resin-encased transmitters weighed 4.5 g and had a 30 cm flexible antenna. 
Each transmitter emitted a signal every 39-40 s which was recorded by the receiver as a unique 
code, together with the relative signal strength (from 0-255) and date and time. Data from the 
receiver were downloaded monthly from December 2011 to September 2013. 
To test the receiver’s range, six transmitters were placed at increasing distances away from the 
receiver, in three straight lines (one perpendicular to the receiver’s antenna’s direction, and two 
drawn between the receiver and the furthest equipped nests in the study colony, on opposite 
sides, from the receiver), to examine signal attenuation. Two transmitters were placed 
permanently within the receiver’s range to serve as controls to verify the continuous operation of 
the receiver. 
Experimental birds – transmitter attachment 
Study birds were captured at nests 25-50 m from the receiver, well within its receiving range 
(see results for details). Transmitters were attached to PVC leg-rings manufactured by Pro-touch 
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Engraving, Canada (Fig. 3.1a) and Interrex, Poland (Fig. 3.1b), using 1 mm stainless steel wire 
threaded through holes drilled in the rings. Marine silicon (Bostik®) was applied to the junction 
between the antenna and the resin-casing for added protection.  
During the breeding seasons of 2011/2012 and 2012/2013, transmitters were attached to chick-
rearing birds (chicks one week or older). The parent was carefully caught and removed from its 
nest using a 3 m crook hooked around the gannet’s neck. After taking body measurements 
(culmen length to the nearest 0.1 mm, flattened wing chord to the nearest 1 mm, mass to the 
nearest 25 g and girth beneath the wings (sensu Viblanc et al. 2012) to the nearest 1 mm), a 
PVC leg-ring with the attached VHF transmitter was fitted on the bird and a unique colour ring 
placed on the opposite leg (Fig. 3.1).  
The PVC leg-ring, with attached transmitter, tape and cable-tie weighed ~10 g, approximately 
0.4 % of an average Cape gannet’s body mass. After attachment, parents were released close 
to and facing their nests and in most instances they immediately returned to their nests. If this 
was not the case then the nest was monitored until the parent returned, to prevent predation of 
chicks by kelp gulls. 
2011/2012 breeding season 
In 2011/2012 the transmitter’s antenna was wound around the leg-ring once it was fitted to the 
bird, leaving 10-15 cm exposed and protruding (Fig. 3.1c). Self-amalgamating tape (Scotch®) 
was wrapped over the wound antenna in three layers and the end secured with superglue 
(Loctite®). A 4 mm wide cable-tie was then secured over the self-amalgamating tape (Fig. 3.1e).  
Both partners from 10 nests were fitted with VHF transmitters from 10 to 15 December 2011 
(about 9 min handling time per bird). These birds were monitored by doing hourly nest checks 
from 8 to 28 December 2011 and 28 January to 8 February 2012. Both partners from 10 nests in 
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another area were also fitted with transmitters to represent birds that were exposed to minimal 
human disturbance (no hourly nest checks). 
 
Figure 3.1. 2011/2012 and 2012/2013 breeding seasons’ VHF transmitters. A VHF transmitter 
attached to a PVC leg-ring using 1 mm stainless steel wire threaded through four (a; 2011/2012) 
and two (b; 2012/2013) holes drilled in the ring. A leg-ring attached to a Cape gannet tarsus 
showing the VHF transmitter’s antenna wrapped around the device and leg-ring (c; 2011/2012) 
as opposed to only around the transmitter (b & d; 2012/2013). Self-amalgamating tape and a 
cable-tie secured over the VHF transmitter (e; 2011/2012) as opposed to under it with no tape (d; 
2012/2013). The completely attached VHF transmitter and corresponding PVC leg-ring on an 
equipped Cape gannet in 2011/2012 (f). 
After deployment, chicks from each of these 20 nests were carefully removed for weighing and 
measuring every 4-5 days, and returned after a few minutes. Culmen length, wing chord length 
and mass (to the nearest 10 or 25 g) were recorded. Chick age was determined following 
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Mullers et al. (2009a): when wing chord length was less than 40 mm, age (days) = −ln((89.78 – 
b/6.15 x b)/0.086) + 0.5, and when wing chord length was greater than 40 mm, age = 1.395 − 
ln(ln(588.8/w)/0.0264) + 0.5, where b is culmen length (mm) and w is wing chord length (mm). 
Chick survival was also assessed.  
2012/2013 breeding season 
The transmitter attachment procedure was improved for the 2012/2013 season, whereby only 
one wire was used to secure the transmitter, the antenna was wrapped around the device itself, 
no self-amalgamating tape was used, a 2 mm wide cable-tie was wrapped around the PVC leg-
ring beneath the transmitter instead of a 4 mm cable-tie, black insulation tape was taped around 
the transmitter for solar protection, and superglue together with marine silicon was used to fix 
the wrapped antenna in place (Fig. 3.1b & d). Both partners from 30 additional nests were fitted 
with a new batch of transmitters between 5-12 December 2012 (about 5 min handling time per 
bird). 
All returning birds that were equipped with VHF transmitters in the 2011/2012 season were 
captured, weighed and measured. Daily colony perimeter patrols (11-15 December 2012) using 
a portable receiver revealed that all equipped birds returning from the previous season 
(2011/2102) were confined to the same location as the nest on which they were initially captured 
(within ~2 m). All non-functional transmitters were retrieved. It was found that devices from 
2011/2012 which were transmitting simultaneously interfered with one another. Therefore the 
transmission rate of devices in 2012/2013 were staggered in groups of 10 by 0.2 s (from 39.0-
40.0 s) as opposed to those in 2011/2012 which were all transmitting at 40.0 s intervals. 
Furthermore, when the 2012/2013 transmitters were activated, each group of 10 with identical 
transmission rates were not activated within two seconds of another device’s transmission. 
Following these precautions the retrospective issue of transmitter interference was virtually 
eliminated in 2012/2013. Nests were monitored daily from 4-15 December 2012 and 17-29 
January 2013 to assess chick growth and survival as described for the previous season above. 
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Transmitter effects on adults 
Body condition of adults was expressed as body mass over wing length (Lewis et al. 2006) and 
girth beneath the wings (Viblanc et al. 2012) over wing length for all study birds. The leg used for 
attachment of the VHF transmitter was assessed for any harm caused by the PVC leg-ring. 
Control birds were measured in both seasons (n = 40 and n = 60, respectively) to compare body 
condition to VHF-equipped birds. In the 2011/2012 season, hourly nest attendance and chick 
growth and survival was monitored from control nests (n = 10).  
Time-depth recorders (TDRs) 
TDRs (G5 data storage tags; CEFAS Technology Ltd., Suffolk, UK), weighing 5.7 g, were used 
to record dives and the time when birds were resting on the sea surface using a wet/dry sensor. 
Recorders were attached to leg-rings of eight Cape gannets (also equipped with transmitters) on 
11 December 2012 with stainless steel wire (1 mm thickness) and a 2 mm wide cable tie 
threaded through 4 holes in the PVC leg-ring. Once fitted to a Cape gannet an additional 2 mm 
cable tie was secured around the leg-ring, under the 1 mm wire. The units were retrieved during 
17-29 January 2013. 
Data analysis 
Hourly nest observations were converted into foraging trip and nest attendance durations. The 
assumption for this was that if a bird was newly observed at or departed from the nest, its arrival 
or departure time, respectively, occurred 30 minutes prior to the hourly nest check. If a bird was 
not seen at the nest at dusk, but was seen the following morning at dawn, it was assumed that 
the bird arrived within one hour after dusk as Cape gannets are visual predators and do not 
forage at night (Ropert-Coudert et al. 2004b). 
The data from the automated VHF system were converted into trip and nest attendance 
durations, at a one-hour coarseness (following the frequency of direct nest observations), using 
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a purpose-built software interface (Y Tremblay, unpublished) in MatLab (R2011a; MathWorks, 
USA). Gaps in the automated data-set resulting from false negative points were minimised by 
setting a “minimum gap duration” of 90 minutes, based on the minimum duration of Cape gannet 
foraging trips (e.g. Ropert-Coudert et al. 2004b; Mullers et al. 2007; Moseley et al. 2012). The 
frequency of points in the data-set identified as false positives was minimised by visually 
observing the data and selecting a “stop” time if it was evident that transmitters had stopped 
functioning. Transmitters have the potential to interfere with each other and be influenced by 
environmental noise (such as the lighthouse generator on the island) and produce a false 
positive recording. These were minimised by only recording a bird as being at its nest when two 
or more transmissions were picked up within a 60-minute interval.  
The TDR data were coded into nest attendance periods corresponding to the VHF data and 
foraging trip (the inverse of nest-attendance) time budgets (grouped into continuous 10 minute 
time bins) according to TDR activity. The birds were coded as “flying” (when no TDR activity was 
recorded in the 10 minute bin), “resting on the sea surface” (when the TDR depth recorded was 
at the sea surface across the entire 10 minute bin), and “actively foraging” (when the TDR 
recorded at least one dive ≥ 1.5 m (sensu Ropert-Coudert et al. 2004a) below the sea surface in 
the 10 minute bin). These proportions were related to an adjusted foraging trip duration (daylight 
hours only: civil dawn to dusk, when the sun is below 6° on the horizon) so that the 
disproportionate amount of rest time on the sea surface for overnight trips did not skew the 
results. 
All statistical analyses were conducted with the software package, R (R 2.15.1; R Foundation for 
Statistical Computing, Vienna). Linear regression analyses were used on the transmitter signal 
attenuation and TDR data. Bout durations (foraging trip, nest attendance and chick non-
attendance) were not normally distributed and therefore non-parametric tests were used when 
comparing the chick growth and behavioural data between the direct observation, automated 
VHF and control data (two-sample dependent: Wilcoxon signed-rank test; two-sample 
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independent: Mann-Whitney-Wilcoxon U test; group: Kruskal-Wallis one-way analysis of 
variance). Parametric tests were used when comparing body condition and mass between 
equipped and control birds (two-tailed paired and unpaired Student’s t-tests). An exact binomial 
test was used to compare chick survival between treatments. A significance level of α = 0.05 
was used and all results are presented as mean ± 95 % CI (of the mean). 
3.3. Results  
Early in the 2012/2013 field season (14 December), 11 out of the 19 re-sighted VHF-equipped 
adults (57.9 %) from the previous season were either incubating an egg or brooding a chick. No 
birds from the 2011/2012 deployments had lost their VHF transmitter (at least those that retained 
the additional PVC leg-ring). Twelve had lost their PVC leg-ring on the adjacent leg (66.7 %). 
None of the 2012/2013 deployments were observed without their VHF transmitters or adjacent 
leg-rings after two months of deployment. At 10 months following deployment, 35 % and 65 % of 
the 2011/2012 and 2012/2013 season’s VHF-equipped birds, respectively were recorded at the 
island. After 12 months this had increased to 45 % for the 2011/2012 season’s birds so a similar 
proportional increase would be expected for 2012/2013 birds. 
There was a clear relationship between distance from the receiver and signal strength (p < 0.05; 
Fig. 3.2), with no signal received from leg-ring attached transmitters at distances of 65 m. 
Wrapping the antenna around the PVC leg-ring reduced its overall received signal strength and 
decreased the detection range amongst transmitters (Fig. 3.2). Signal from a transmitter with an 
extended antenna was received consistently from the furthest point within the colony, 150 m 
away. 
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Figure 3.2. The relationship between signal strength of six VHF transmitters and the distance 
from the antenna linked to the DataSika-C5 receiver. The open circles represent a transmitter 
with its antenna fully extended. The closed circles are transmitters as would be attached to the 
leg-rings of the Cape gannets (antenna “wrapped”), the darker circles were transmitters 
positioned 40 cm above the ground and the lighter circles were positioned at the height of a 
Cape gannet’s leg. All circles represent the mean of at least ten signal strength recordings, 
unless the signal strength was poor. 
Automated versus direct nest monitoring 
The automated receiver recorded the birds with functional transmitters that were seen in the field 
in 91.2 ± 1.0 % of nest checks. This differed according to chick age: when chicks were older 
than 50 days the receiver missed birds less often (5.7 ± 1.5 versus 7.7 ± 0.9 % of hourly checks) 
and direct observations did not record birds more frequently (2.5 ± 0.8 versus 1.0 ± 0.4 % of 
hourly checks). In 0.9 ± 0.3 % of hourly bins the receiver recorded a different partner at the nest 
to what was observed. After data-processing, 27 additional foraging trips (n = 306 versus 279) 
and 26 nest attendance bouts (n = 278 versus 252) were recorded by the automated method 
over direct observation. There were no significant differences between the frequency of nest 
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attendance and foraging trip bouts recorded per hour bins (up to 30 h) between direct 
observation and the automated VHF method for either nest attendance (p = 0.46, df = 58) or trip 
(p = 0.54, df = 58) durations (Fig. 3.3).  
 
Figure 3.3. Comparison of the frequency of nest attendance (a) and foraging trip (b) durations 
per hour bins between direct observation (black) and automated VHF (white) data. Foraging trips 
< 4 days are presented for comparison with nest attendance bouts although a few longer trips 
were recorded by direct observation (n = 5) and automated methods (n = 7). 
Although the frequency of bout durations were not significantly different between direct 
observation and automated methods (Fig. 3.3), observations recorded significantly longer mean 
trip (21.4 ± 2.8 versus 18.6 ± 2.8 h; p < 0.05, df = 583) and nest attendance (13.9 ± 1.2 versus 
12.1 ± 1.0 h; p < 0.05, df = 528) durations than the automated method (Fig. 3.4). The automated 
method also recorded more (53 versus 30) and significantly shorter periods of chick non-
attendance (i.e. when both partners are away from the nest; 5.3 ± 1.9 versus 11.4 ± 3.8 h; p < 
0.05, df = 81) than direct observations.  
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Figure 3.4. Nest attendance (top graph) and trip (bottom graph) durations from direct nest 
observation and automated data collected from Cape gannets in relation to chick age. 
Comparisons include directly observed data from control birds and those equipped with VHF 
transmitters as well as automated VHF data from the equipped birds.  
Comparing directly observed data from control birds to those equipped with VHF transmitters 
showed that the mean bout durations (trip duration: 23.3 ± 2.4 versus 21.4 ± 2.8 h; p = 0.06, df = 
571; nest attendance: 13.9 ± 1.4 versus 13.9 ± 1.2 h; p = 0.54, df = 533; Fig. 3.4) and the mean 
duration of chick non-attendance (14.2 ± 3.6 versus 11.4 ± 3.8 h; p = 0.36, df = 83) were not 
significantly different. Adult trip duration increased and nest attendance decreased as chicks 
approached fledging (60 to 90 days old; Fig. 3.4). Following the death of their chicks adults 
maintained a variable cycle of nest attendance (Fig. 3.4). Adults attending chicks older than 50 
days had a greater proportion of attendance bouts ≤ 1 h compared to when the chicks were 
younger (automated data: 29.4 versus 7.0 %; control data: 32.0 versus 3.7 %). Chick age (21 ± 
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5 days) at the commencement of measurements did not vary significantly between treatments (p 
= 0.58; df = 18). 
Device effects 
Attachment of VHF transmitters did not reduce chick fledging success (measured from three 
weeks post-hatching until the end of parental provisioning) for the 2011/2012 nests (70 %) 
compared to control birds (60 %; p = 0.75). Furthermore, chick growth rate in relation to age was 
not significantly different between control and VHF-equipped nests when chicks were grouped 
into two-week age categories (p = 0.44; df = 4; Fig. 3.5).  
 
Figure 3.5. Growth rate of Cape gannet chicks from directly observed control nests and nests 
where the parents were equipped with VHF transmitters. For each treatment nest type, n = 10.  
There were no significant differences between Cape gannets recaptured in 2012/2013 which 
had VHF transmitters attached in the previous season (n = 19) and a random sub-sample of 
measured Cape gannets (n = 19) in terms of average mass (2,810 ± 79 versus 2,831 ± 77 g; p = 
0.74, df = 36), as well as body condition, measured as mass over wing length (5.89 ± 0.15 
versus 5.92 ± 0.15 g.mm-1; p = 0.78, df = 36) and average girth over wing length (0.80 ± 0.01 
versus 0.79 ± 0.01; p = 0.64, df = 36). There also were no significant differences in mass of all 
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recaptured birds compared to their mass during deployment in the previous season (2,801 ± 94 
versus 2,810 ± 79 g; p = 0.89; df = 18). Recaptured birds lacked obvious injuries associated with 
device attachment other than some minor callouses. The antennae of some retrieved and re-
sighted transmitters (< 20 %) had unravelled and were trailing freely. 
Foraging time-activity budgets 
One TDR malfunctioned; the other seven adult gannets equipped with both a TDR and VHF 
transmitter made on average 11.6 ± 2.3 foraging trips during 15.8 ± 2.6 days of attachment. All 
chicks from these nests fledged successfully and were on average 17 ± 2 days old at TDR 
deployment and 32 ± 3 days old at TDR retrieval. Equipped birds spent 50.0 ± 4.0 % of the time 
attending their nests. Of the 81 foraging trips recorded, 52 were overnight trips. An adjusted trip 
duration was used which analysed trips during daylight hours (between civil dawn and dusk). 
The mean adjusted trip duration was 9.3 ± 0.8 h versus the total trip duration of 15.5 ± 1.5 h.  
While away from the nest during daylight hours, the seven Cape gannets had time-activity 
budgets as follows: flight, 2.3 ± 0.3 h, resting on sea surface, 5.5 ± 0.6 h, and actively foraging, 
1.5 ± 0.2 h (Fig. 3.6). Each of the three foraging trip activity budget components, in addition to 
the number of dives per trip, was positively related to adjusted trip duration (all p < 0.005; Fig. 
3.6). The time spent resting on the sea surface while away from the nest was most strongly 
correlated to adjusted trip duration (R2 = 0.83; Fig. 3.6b). The equipped gannets made 46.6 ± 5.3 
dives per foraging trip (Fig. 3.6d).  
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Figure 3.6. The adjusted trip (daylight hours only) time-activity budget from all trips of seven 
Cape gannets fitted with time-depth recorders showing the duration of time spent flying (a), 
resting on the sea surface (b), actively foraging (c) and the number of dives per foraging trip (d). 
R2 values for the associated regression lines and F-test significance levels (p values) are shown. 
3.4. Discussion 
Impact on birds 
The long-term attachment of VHF transmitters to Cape gannets had no apparent negative 
effects on these birds. Neither adult body condition nor mass of birds carrying instruments 
deteriorated over a one year period and these variables were similar to control birds. The 
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devices also did not cause any apparent physical harm and the majority of re-sighted equipped 
birds had begun raising a chick early in the following season. Nest attendance, foraging trip 
durations and periods when the chick was left alone did not differ between equipped and control 
birds, irrespective of chick age. Chick growth also was similar between the two groups and was 
reflected in a similar breeding success between equipped and control gannets. These results are 
consistent with other studies (Ropert-Coudert et al. 2009; Carey 2011) showing that lightweight 
(in this case, 0.4 % of body mass) leg-ring attached devices do not negatively affect seabirds 
(but see Elliott et al. 2012). 
Automated versus direct nest monitoring 
Data from attached VHF transmitters yielded data on nest attendance and foraging trip durations 
in Cape gannets that were similar to direct observations. The automated technique recorded the 
presence of birds at their nests during 91.2 ± 1.0 % of hourly bins and had a frequency 
distribution of bouts after the removal of false positive and negative records which was not 
statistically different from direct observations. The significantly longer trip, nest attendance and 
chick non-attendance durations recorded from direct nest observations is in all likelihood an 
artefact of only sampling at hourly intervals. For example, a bird returning for a short period, 
which is not directly observed, would both decrease the mean foraging trip length (two short 
rather than one long trip recorded) and the nest attendance duration (the missed short nest 
attendance would decrease the mean nest attendance duration). This is especially pertinent for 
parents attending older chicks when nest attendance bouts tend to be short (≤ 1 h) and foraging 
trips longer (Fig. 3.4). During this period when chicks were older direct observations tended to 
miss birds more often which were recorded by the receiver. Additionally the number of foraging 
trips estimated through direct observation were likely inflated as this method assumes that 
absence from the nest-site implies absence from the colony. 
However, it is evident that the automated technique can miss birds when they are at their nests. 
These false periods of absence were minimised in the data handling process by setting a 
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“minimum gap duration” (see methods). Several factors can contribute to the presence of these 
false negative gaps in the data. VHF technology is susceptible to environmental noise (Kenward 
1987). The resting position of the birds at their nests may attenuate the signal. In addition, coded 
transmitters transmitting within three hundred milliseconds of each other may interfere, creating 
an unrecognisable code (“999” as the data indicates) or a false positive code (representing a 
legitimate transmitter that is not present on the island) and a period of nest absence for the 
interfered transmitters. These interferences were minimised during the 2012/2013 deployments 
by staggering both the transmission rate and the activation of transmitters (see methods). 
Ensuring that no more than 10 transmitters had identical transmission rates and that none of 
these were transmitting within two seconds of one another virtually eliminated code interferences 
in trials prior to the deployment of the 2012/2013 transmitters. This protocol is strongly 
recommended for future VHF-based monitoring studies making use of coded transmitters, 
bearing in mind those that may already be transmitting at the field site. 
Foraging trip duration as a proxy for foraging effort 
Central to the use of foraging trip duration as a proxy for prey availability is that overall foraging 
trip duration is related to foraging effort. Seabirds spend their time at sea either resting or 
foraging, the latter constituting search time (flying) and active foraging or diving. The results from 
this study clearly demonstrate that foraging effort is directly related to foraging trip duration (Fig. 
3.6), as studies at other Cape gannet colonies have shown (Ropert-Coudert et al. 2004b; 
Mullers et al. 2009b). Proportionally, both foraging effort and time spent resting at sea increased 
linearly as trip duration increased. 
At-sea time-activity budgets have been most extensively studied in alcids, demonstrating that 
total foraging duration and foraging effort (represented by diving bouts and flight time) are 
positively correlated (Tremblay 2003; Welcker et al. 2009b), but appears to be variable 
depending on prey availability (Cairns et al. 1987; Elliott et al. 2010). Additionally, the targeted 
prey species may drive foraging trip duration as Tremblay et al. (2005) showed for Crozet shags, 
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Phalacrocorax melanogenis. The relationship between foraging duration and foraging range, 
which is linked to total flight time (Chivers et al. 2012), is also tightly coupled amongst seabirds 
(Hamer et al. 2000; Grémillet et al. 2004; Lewis et al. 2006). 
Amongst Cape gannets there is variability in the division of time of at-sea time-activity budgets 
(e.g. Pichegru et al. 2007), particularly in portioning between active foraging and flying. Overall, 
however, and as indicated in this study, foraging effort is generally positively correlated to total 
trip duration (Ropert-Coudert et al. 2004b; Mullers et al. 2007; Mullers et al. 2009b). Cape 
gannets initiate about 98 % of dives from an aerial plunge (Ropert-Coudert et al. 2004a) and 
therefore require a subsequent take-off from the water before flying or commencing another dive. 
Energy expended during take-offs is costly for seabirds (Weimerskirch et al. 2000; Green et al. 
2009) and therefore the number of dives is additionally linked in this manner to foraging trip 
duration in Cape gannets. For Cape gannets studied at West Coast colonies in southern Africa’s 
Benguela region, daytime trip duration was significantly positively correlated to resting time on 
the sea surface, time spent actively foraging and the number of dives per trip but showed no 
correlation with flight duration (Mullers et al. 2009b). Ropert-Coudert et al. (2004b) found that the 
resting time on the sea surface and the number of isolated dives per foraging trip (± SD) were 
similar to the current study (58 % and 53.9 ± 21.5 dives.trip-1, respectively compared to 62 % 
and 46.6 ± 24.3 dives.trip-1 in the current study) and both were positively correlated with trip 
duration when single-day and overnight trips were combined. However, foraging trip duration 
adjusted to exclude nocturnal hours (± SD) was shorter in this study (9.3 ± 3.8 h) compared to a 
study earlier in the breeding season at Bird Island (13.8 ± 17.2 h) (Pichegru et al. 2007), possibly 
because of inter-annual variability or the larger number of foraging trips recorded per bird in the 
present study. Nonetheless, the results from the current study clearly demonstrate that total trip 
duration is a reliable proxy for foraging effort in chick-rearing Cape gannets. 
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Pros and cons of the automated system 
The automated time-activity budget data which the VHF system generates are continuous 
throughout the breeding and non-breeding season. Furthermore, it is collected at a finer-scale 
than conventional nest monitoring and the coded feature of the transmitters allow for many birds 
to be monitored simultaneously, creating a large sample size of bout durations. These 
advantages create accurate, high quality time-activity budget data, distinguished from previous 
similar seabird studies which used temporarily-attached, non-coded, multiple-frequency 
transmitters (Weimerskirch & Lys 2000; Tremblay & Cherel 2005; Terauds & Gales 2006). 
These devices also can provide useful data on adult survival if tag-loss and device failure can be 
accounted for. 
The sampling effort, in comparison to direct nest monitoring, is greatly reduced and this is a 
major advantage of automated methods of data collection in ecology (e.g. Digby et al. 2013). 
Therefore, although costly (~US$ 180 per transmitter), the long-term benefit in terms of 
minimising field hours, as well as observer effect on the birds (Carey 2009), is significant.  
More rigid PVC leg-rings were used in 2011/2012 compared to 2012/2013 and this enabled the 
transmitters to be secured in a manner which required less work during attachment to the Cape 
gannet (i.e. no self-amalgamating tape was used; Fig. 3.1), thus shortening handling duration. 
To improve the longevity of transmitters in 2012/2013 compared to the previous season, Lotek 
Wireless (Canada) sealed the lower hole on the transmitters through which wire was threaded 
for attachment to leg-rings (Fig. 3.1b) for water-proofing and suggested that black insulation tape 
be wrapped around the transmitters for UV protection. Ultimately, incorporation of the VHF 
transmitter and a PVC leg-ring into a single unit would facilitate and strengthen attachment as 
well as minimise the time spent handling birds. Additionally, this would minimise the risk of a 
potentially unravelled antenna, especially in a cluttered environment, and limit the compromise in 
signal strength if the antenna were shortened to mitigate against entanglement.  
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In addition to the possible interference from simultaneously transmitting devices, the proximity of 
the receiver to the lighthouse generator likely increased the risk of environmental noise and 
resultant false negative gaps in the data. These were compensated for during data processing, 
but the best solution would be to relocate the receiver to a position away from any machine or 
large building or select a “quieter” frequency prior to transmitter manufacture. 
Conclusion 
This VHF automated monitoring system contributes to the increasing number of “electronic 
techniques for remote, automated and passive data-gathering” which aid better-informed 
management strategies to protect threatened seabirds (Lewison et al. 2012). These automated 
data are useful to assess aspects of seabird biology which can be difficult to study such as 
partner interaction durations during change-overs, time-activity budget measurements during 
older-chick provisions when direct observations might miss short nest attendance bouts, and 
departure and arrival times during nocturnal hours. Furthermore, the continuous data from the 
automated VHF system can demystify the illusive life-history traits of seabirds outside of the 
breeding season (Weimerskirch & Wilson 2000), including partner interactions and nest-
attendance patterns in the pre-breeding period (Weimerskirch & Lys 2000). 
Perhaps the most useful practical application of this technology is for fisheries and ecosystem-
based management. Seabirds cover a larger area in their foraging distribution than what would 
be economically feasible in fisheries surveys (Montevecchi 1993; Einoder 2009) and provide a 
continuous sample of the prey in their foraging range (Furness & Camphuysen 1997). Time-
activity budgets amongst breeding seabirds are generally driven by prey availability (Cairns 1987; 
Burger & Piatt 1990; Litzow & Piatt 2003; Kadin et al. 2012), are the most sensitive proxy across 
a wide-range of prey conditions (Cairns 1987; Monaghan 1996; Durant et al. 2009) and are non-
intrusive, simple and cost-effective to estimate (Harding et al. 2007a), making them an ideal 
proxy for long-term monitoring schemes. Therefore, data on foraging trip duration, collected 
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through an automated long-term monitoring scheme, can potentially be used to interpret the 
state of fish prey resources, information that could be used in fisheries management. 
 G.M. RISHWORTH  59 
 
Chapter 4 
Sex, chicks and time: drivers of time-activity budget variability in 
breeding Cape gannets (Morus capensis) 
4.1. Introduction 
Animals face a trade-off in time-allocation which is dependent on their current state (e.g. 
breeding) as well as external pressures (e.g. predation risk) (Stearns 1989; Illius et al. 2002). 
While breeding, animals are especially sensitive to environmental and resource variability 
(Shaffer et al. 2003). For example, when prey availability varies, the common murre maintains a 
regular level of nest attendance while incubating its egg in contrast to during chick-provisioning 
when prey depletion results in more frequent foraging trips and less time at the nest (Harding et 
al. 2007a). Long-lived species must balance the costs of reproduction against future survival 
(Bell 1980; Stearns 1989). Amongst animals which exhibit biparental care (Trivers 1972) 
disproportionate reproductive investment from one partner might require compensation by the 
other to maximise offspring fitness (e.g. Bijleveld & Mullers 2009). Consequently, differing sexes 
have evolved traits which limit competition for similar resources while provisioning their offspring 
(Lewis et al. 2002; Welcker et al. 2009a). This is achieved through strategies such as divergent 
foraging locations (e.g. Lewis et al. 2002), physical dimorphism allowing for or forcing separate 
resource niches (e.g. Lewis et al. 2005), or paternal dominance of offspring provisioning to 
compensate for female investment in egg or foetus development (e.g. Harding et al. 2004). 
Understanding differing sex-specific behaviour is an important aspect of species conservation 
(Phillips et al. 2004; Catry et al. 2006). 
Besides gender roles and resource availability, other factors also influence how animals allocate 
their time during breeding. In order to maintain survival, animals in poor condition tend to spend 
more time foraging at the cost of offspring investment (Weimerskirch et al. 1997; Weimerskirch 
1998). The pre-breeding season is therefore an important preparation period for reproduction 
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(Sandberg & Moore 1996). Animals which have not built up sufficient reserves during the non-
breeding period often exhibit reduced reproductive success (Pinaud & Weimerskirch 2002). 
These factors, together with heritable or learnt traits, affect the amount of inter-individual 
variability (Bolnick et al. 2003; Clutton-Brock & Sheldon 2010), which can be as important as 
inter-sex differences in driving behavioural variability (Sommerfeld et al. 2013). Phenotypic 
plasticity is important for many species for buffering against environmental change (Charmantier 
et al. 2008). Data on an animal’s time-activity budget in relation to these factors that potentially 
influence behaviour are important when interpreting their responses to external factors and the 
state of the environment (Cuthill & Houston 1997; McNamara & Houston 2009).  
Seabird behavioural data have been advocated as a useful proxy for prey conditions (Monaghan 
1996; Durant et al. 2009) as the time-activity budget of many seabirds is sensitive to fluctuating 
prey availability (Cairns 1987; Cairns et al. 1987; Litzow & Piatt 2003; Kadin et al. 2012). This 
behavioural information could potentially be used to inform fisheries management on the state of 
fish stocks (Furness & Camphuysen 1997; Piatt et al. 2007). A seabird proxy which rapidly 
reflects changes in local prey availability with as little indiscernible noise as possible is the most 
desirable (Reid et al. 2005; Durant et al. 2009; Grémillet & Charmantier 2010). Factors such as 
gender (Thaxter et al. 2009; Welcker et al. 2009a), individual variability (phenotypic plasticity) 
(Grémillet & Charmantier 2010), conspecific interactions (Lewis et al. 2001a; Bijleveld & Mullers 
2009), chick age (Lewis et al. 2004b), timing of activities (Lewis et al. 2004a), and 
meteorological conditions (Grémillet et al. 2004) can potentially mask the effects of variable prey 
availability on seabird behaviour.  
The Cape gannet is a breeding endemic to southern Africa (Crawford et al. 2007). Breeding 
Cape gannets are central-place foragers (Orians & Pearson 1979) and feed exclusively in the 
epipelagic zone, primarily on sardine and anchovy (Batchelor & Ross 1984; Klages et al. 1992). 
During the breeding season parents alternate nest attendance during both incubation and 
brooding, spending more time simultaneously away from the nest as the chick ages (Nelson 
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1978). Akin to other seabirds (e.g. Dall'Antonia et al. 2001), the Cape gannet has a flexible 
foraging strategy in time allocation, depending on parent and chick requirements and prey 
availability (Mullers et al. 2007; Pichegru et al. 2007; Mullers et al. 2009b; Moseley et al. 2012). 
There is some evidence for sex-specific foraging behaviour in this monomorphic seabird (Mullers 
& Tinbergen 2009; Mullers & Navarro 2010) although the ecological significance of this is not 
clear (Lewis et al. 2002).  
If behavioural data, specifically foraging trip duration (Durant et al. 2009), from Cape gannets is 
to be used as a proxy of local prey availability, additional drivers of its time-activity budget need 
to be understood. Therefore, the aim of this study was to investigate which intraspecific variables 
potentially influence time-activity budget variability in Cape gannets while breeding. The 
following hypotheses were tested: (1) both foraging trip and nest attendance duration decreases 
with increasing chick age (Mullers & Tinbergen 2009), (2) females have longer foraging trips 
than males (Mullers & Navarro 2010), (3) gannets departing earlier in the day have longer trip 
durations (Lewis et al. 2004a), and lastly (4) nest attendance is positively related to adult body 
condition (Burger & Piatt 1990). 
4.2. Materials and Methods 
Data collection 
Pairs of breeding Cape gannets from 20 and 30 nests on Bird Island, Algoa Bay (33° 50’ S, 26° 
17’ E), were fitted with VHF transmitters (NTQB-6-2, Lotek Wireless, United Kingdom) in the 
2011/2012 (10-15 December 2011) and 2012/2013 (5-12 December 2012) breeding seasons, 
respectively to automatically record their presence at the island (see Chapter 3). Transmitters 
were attached to PVC leg-rings and with the rings weighed ~10 g, approximately 0.4 % of the 
average body mass of Cape gannets measured during this study. A coded signal was 
transmitted at 150.38 MHz every 39-40 s from the transmitters and received by a Yagi antenna 
fitted to a 12 V solar-powered receiver (DataSika-C5; BioTrack, United Kingdom) when birds 
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were at their nests. Received signals were recorded as a unique coded identity in addition to a 
date, time and signal strength. Data from the VHF receiver were downloaded on a monthly basis 
during both breeding seasons.  
Body mass (to the nearest 25 g), wing chord length (to the nearest 1 mm), culmen length (to the 
nearest 0.1 mm) and body girth beneath the wings (to the nearest 1 mm; sensu Viblanc et al. 
2012) were measured from each equipped bird. Body condition of adults was expressed as body 
mass over wing length (Lewis et al. 2006) and body girth (Viblanc et al. 2012) over wing length. 
All parents fitted with VHF transmitters were attending a chick no younger than one week old. 
Each chick was carefully removed from its nest to measure culmen length, wing chord length 
and body mass and returned within three minutes. The age of each chick at the time of its 
parent’s VHF transmitter attachment was determined according to Mullers et al. (2009a): when 
wing chord length was less than 40 mm, age (days) = −ln((89.78 – b/6.15 x b)/0.086) + 0.5, and 
when it was greater than 40 mm, age = 1.395 − ln(ln(588.8/w)/0.0264) + 0.5, where b is culmen 
length (mm) and w is wing chord length (mm). To aid identification, unique PVC leg-rings were 
fitted to chicks when their tarsus was appropriately developed (older than 3 weeks). Nests were 
periodically checked during the breeding season (8-28 December, 27 January to 6 February and 
22-26 March 2011/2012 and 5-13 December, 15-27 January and 27 February 2012/2013) and 
all chick mortalities were recorded. 
Genetic sexing 
A few breast feathers were plucked from each bird to allow for DNA sex-determination. DNA was 
isolated using a Chelex® extraction method (adapted from Walsh et al. 1991; Ellegren 1992; 
Brommer et al. 2003) from the root tips of two dry feathers from the same bird. The DNA 
supernatant was stored at -40 °C after the yield was measured using a NanoDrop® 2000c 
Spectrophotometer (Thermo Scientific). Sex-linked CHD-1 gene fragments were amplified using 
2550F (5’-GTTACTGATTCGTCTACGAGA-3’) and 2718R (5’-ATTGAAATGATCCAGTGCTTG-3’) 
primers (Fridolfsson & Ellegren 1999). These detect males as a single fragment (ZZ) and 
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females as two fragments (ZW). The amplified product was electrophoresed at 100 V for 30 min 
in 1.8 % agarose gel and then stained with GelRedTM Nucleic Acid Gel stain (Biotium). Bands 
were visualized under ultraviolet light, with all sexed pairs having both a male and female. 
Data analysis 
All data recorded using the VHF receiver were converted into trip durations using a purpose-built 
(Y Tremblay, unpublished) interface in MatLab (R2011a; MathWorks, United States of America) 
(see Chapter 3). Data were imported at a 10-minute grain, using 10-minute bins as a level of 
precision rather than the data’s resolution of 0.5 seconds, into the MatLab interface. Nest 
attendance duration, strictly implying duration within the receiver’s range at the colony, and trip 
frequency per day (hereafter referred to as provisioning rate) were also calculated. Data used for 
the purposes of this study were restricted to the period up to where the respective chicks either 
died or fledged or until the transmitter ceased functioning. If the chick fledged (no mortality 
recorded) then the data were selected until the chick was 100 days old, the average fledging age 
(Jarvis 1971).  
Foraging trip and nest attendance duration as well as provisioning rate were all right-skewed and 
therefore log-transformed before each was incorporated into a linear mixed-effects model (LMM; 
“lmer” in the “lme4” package) fitted by restricted maximum likelihood (REML) using R (R 2.15.1; 
R Foundation for Statistical Computing, Vienna, Austria). The following predictor variables were 
used: chick age (both as a continuous number and a factor grouped per 10 days), sex, adult 
body condition and time of behaviour (foraging trip or nest attendance) initiation as a factor 
grouped into one-hour bins.  
All permutations of the predictor variables for each adult behavioural parameter were modelled 
separately and Akaike Information Criterion (AIC) scores (Posada & Buckley 2004) calculated. 
The most parsimonious model had the lowest AIC score with other models having ΔAIC ≤ 2 also 
being considered (Burnham & Anderson 2002). To account for the effect of repeated measures 
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(pseudoreplication), season and individual were specified in the model as possible random 
effects. The significance of variability within each random effect was then tested using log-
likelihood ratio tests (LRT; Zuur et al. 2009). The significance of the effects of predictor variables 
on each adult behavioural parameter were tested using F-tests with Satterthwaite’s 
approximation for degrees of freedom (“lmerTest” package) (e.g. Lüpold et al. 2013). To further 
test for inter-sex differences, data from each gannet was modelled separately using the selected 
predictors and the slopes of these compared using t-tests (Faraway 2006). A significance level 
of α = 0.05 was used and all results are presented as mean ± 95 % CI of the mean. 
4.3. Results 
The VHF receiver on Bird Island recorded 4,563 foraging trips and 4,463 nest attendance bouts 
from VHF-equipped Cape gannets in the 2011/2012 (n = 1,108 and 1,068, respectively) and 
2012/2013 (n = 3,455 and 3,395, respectively) breeding seasons. Chicks were measured from a 
younger age in 2012/2013 (18.6 ± 2.6 versus 24.8 ± 2.7 d; t(2,48) = 3.14; p < 0.05) as nest 
monitoring began approximately five days earlier than in 2011/2012.  
Parental behaviour parameters (foraging trip duration, nest attendance duration and provisioning 
rate) were not significantly different between the two breeding seasons (LRTs: all p > 0.10) and 
therefore data from both seasons were pooled. However, between Cape gannet individuals, 
behavioural parameter variability was significant (χ2 = 53.4, 431.6 and 99.8, respectively, df = 1, 
p < 0.001) and therefore individual was included as a random effect in LMMs to account for 
repeated measures. Foraging trip duration was best explained by chick age as a 10-day 
categorical factor, adult sex and nest departure time (Model T1, Table 4.1). Nest attendance 
duration was best predicted by chick age (as both a continuous number and a 10-day 
categorical factor), nest arrival time and adult body condition (Model N1 and N2, Table 4.1). 
Chick age and adult sex were the best predictors of adult provisioning rate (Model Tf1 and Tf2, 
Table 4.1). Residual errors for these models appeared normally distributed. Interaction 
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predictors of chick age with each of adult sex, time and adult body condition were not 
incorporated in the most parsimonious models.  
Table 4.1. Linear mixed-effects models constructed using Cape gannet log-transformed foraging 
trip duration (T), nest attendance duration (N) and provisioning rate (Tf) as a function of predictor 
variables: chick age as both a continuous number and a 10-day categorical factor, adult sex, 
time of bout initiation, adult body condition index (BC) and BC interacting with sex. Number of 
parameters in each model (np), Akaike Information Criterion (AIC) scores and the AIC difference 
from the most parsimonious model (ΔAIC) are shown. 
 
Chick age as a 10-day categorical factor was a highly significant predictor of foraging trip (p < 
0.001; Table 4.2) and nest attendance duration (p < 0.001; Table 4.2). Mean foraging trip 
duration per gannet increased with chick age (Fig. 4.1). This was more pronounced after the 
Model
Chick 
age
Chick 
age cat 
(10 d)
Sex Time BC BC:Sex np AIC ΔAIC
T1 • • • 36 13142.5 0.0
T2 • • • • • 38 13145.3 2.8
T3 • • • 28 13145.6 3.1
T4 • • • • 37 13145.9 3.4
T5 • • • • • 30 13150.0 7.5
T6 • • • • 29 13150.2 7.7
N1 • • • 36 11793.6 0.0
N2 • • • • 37 11794.3 0.8
N3 • • 27 11796.6 3.1
N4 • • 35 11796.9 3.4
N5 • • • • 37 11797.1 3.5
N6 • • • 36 11797.6 4.1
Tf1 • 4 5752.0 0.0
Tf2 • • 5 5753.1 1.1
Tf3 • 12 5754.4 2.3
Tf4 • • 13 5755.4 3.4
Tf5 • • 5 5759.0 7.0
Tf6 • • • 6 5760.2 8.2
Foraging trip duration
Nest attendance duration
Provisioning rate
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chick was older than 50 days (Fig. 4.1), where prior to this the linear trend respective to chick 
age was not significant (F(1,1956.9) = 0.49, p = 0.48). Nest attendance duration decreased 
significantly with chick age (p < 0.001; Table 4.2; Fig. 4.1). Provisioning rates were highest when 
chicks were of an intermediate age and least frequent near fledging, showing an overall 
decreasing linear trend with chick age (p < 0.001; Table 4.2). 
Table 4.2. Linear mixed-effects models fitted by restricted maximum likelihood of the logarithm 
of foraging trip duration, nest attendance duration and provisioning rate of breeding Cape 
gannets at Bird Island, Algoa Bay, as a function of chick age as both a continuous number and a 
10-day categorical factor, adult sex, time of bout initiation and adult body condition index (Model 
T1, N2 and Tf2; Table 4.1). Coefficients (C) represent the directional effect of the predictors 
relative to their reference category. Time is a factor divided into one-hour bins. 
 
Foraging trip duration was significantly related to adult sex (p < 0.001; Table 4.2) with females 
spending longer periods at sea than males (average over chick-rearing period of 24.3 ± 3.4 
versus 17.7 ± 1.4 h, respectively; t(2,98) = 2.79, p < 0.001; Fig. 4.1). Consequently, males made 
more frequent foraging trips than females (0.95 ± 0.07 versus 0.84 ± 0.07 trips.d-1; p < 0.01; 
df C (SE) Test
F p C (SE) Test
F p C (SE) Test
F p
Intercept 1
1.36 
(0.43)
3.15
t <0.01
0.46 
(0.83)
0.55
t 0.58
0.74 
(0.02)
36.38
t <0.001
Time 23 24.38 <0.001 10.10 <0.001
Chick age 1
-0.02 
(0.005)
14.25 <0.001
-0.004 
(0.0003)
279.67 <0.001
Chick age 
(per 10 d)
9 29.63 <0.001 5.64 <0.001
Sex
M 1
-0.19 
(0.05)
15.49 <0.001
0.06 
(0.02)
7.00 <0.01
Body condition 
index
1
0.19 
(0.09)
4.29 <0.05
M: Coefficient reflective of male behaviour
t: t -test w ith Satterthw aite's approximation of degrees of freedom
F: F -test w ith Satterthw aite's approximation of degrees of freedom
Foraging trip duration (h) Nest attendance (h) Provisioning rate (trips.d
-1
)
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Table 4.2, Fig. 4.1). The rate of increase of foraging trip duration with chick age (Fig. 4.1) was 
not significantly different between sexes (t(1,65) = 1.05, p = 0.30). Variability in nest attendance 
duration also did not appear to be a function of sex (Table 4.1) although males generally spent 
longer periods at the nest (9.5 ± 1.1 versus 8.7 ± 1.1 h; t(2,98) = 0.84, p > 0.10; Fig. 4.1).  
Sex-specific interactions with nest departure and arrival time were not useful in explaining 
variability in foraging trip or nest attendance durations. Nest departure time peaked between 
09:00 and 10:00 (Fig. 4.2a). Females tended to arrive back at their nests later (peaking between 
11:00 and 12:00) than males (peaking between 09:00 and 10:00; Fig. 4.2b).  
As expected, nest departure and arrival time were highly significant predictors of overall adult 
trip and nest attendance duration, respectively (both p < 0.001; Table 4.2). Birds departing or 
arriving earlier generally had longer foraging trip or nest attendance bouts, irrespective of the 
number of nights away from or at the nest (Fig. 4.2c and d). Departure frequency noticeably 
increased (between 04:00 and 05:00) after civil dawn (when the sun is below 6° on the horizon), 
tapering off by 06:00 (roughly 1.5 h after sunrise) and then increasing to a relatively steady level 
by 07:00 when arrivals to the nest started increasing (Fig. 4.2a and b). Trips which were initiated 
between dusk and dawn (n = 561; 12.3 %) were shorter (8.5 ± 1.5 h) than those initiated during 
daylight hours (22.3 ± 0.8 h) and more frequent following sunset than before sunrise (Fig. 4.2a).  
CHAPTER 4. DRIVERS OF PARENT TIME-ACTIVITY BUDGETS 
G.M. RISHWORTH  68 
 
 
Figure 4.1. Sex-specific behavioural parameters of adult Cape gannets at Bird Island, Algoa Bay, 
as a function of the age of the chicks they are provisioning. Females are represented by white 
bars and males by dark bars. Total number of foraging trips recorded per chick age category is 
indicated. 
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Figure 4.2. Proportion (a and b) and duration (c and d) of foraging trip (left) and nest attendance 
(right) bouts as a function of bout initiation time for breeding Cape gannets at Bird Island, Algoa 
Bay. Behaviour proportions are distinguished by sex (males as black bars and females as white) 
and behaviour durations according to those which occurred over one or more midnights (open 
circles) and those which did not extend over any midnights (closed circles). Trip duration is 
shown for trips which occurred over fewer than five nights (98.4 % of all trips). 
There was no significant difference in body condition between males and females at the time of 
VHF deployment (5.89 ± 0.13 versus 5.90 ± 0.12 g.mm-1; t(2,98) = 0.04, p = 0.92), and 
consequently sexual segregation in adult body condition was not a significant predictor of adult 
behavioural parameters (Table 4.1). Additionally, both overall foraging trip duration and 
0
2
4
6
8
10
0
20
40
60
80
100
120
0 2 4 6 8 10 12 14 16 18 20 22 24
0
2
4
6
8
10
Female
Male
0
10
20
30
40
50
60
0 2 4 6 8 10 12 14 16 18 20 22 24
Overnight bout
Single day bout
Foraging trip Nest attendance
Time of day
B
e
h
a
v
io
u
r 
p
ro
p
o
rt
io
n
 (
%
)
B
e
h
a
v
io
u
r 
d
u
ra
ti
o
n
 (
h
)
a) b)
d)c)
CHAPTER 4. DRIVERS OF PARENT TIME-ACTIVITY BUDGETS 
G.M. RISHWORTH  70 
 
provisioning rate did not appear to be driven by adult body condition (Table 4.1, Fig. 4.3). 
However, gannets which were in better body condition spent longer periods of time at their nests 
(p < 0.05; Table 4.2) and this was particularly apparent for males (Fig. 4.3).  
 
Figure 4.3. Sex-specific behavioural parameters of adult Cape gannets at Bird Island, Algoa Bay, 
as a function of their body condition, measured as body mass over wing length at the start of 
monitoring. Females are represented by white bars and males by dark bars. 
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4.4. Discussion 
Using an extensive data set on foraging trip and nest attendance durations it was here clearly 
demonstrated that breeding Cape gannet time-activity budgets are sex-dependent and linked to 
chick development. Furthermore, the amount of time that adults will spend away on a foraging 
trip is related to the time of nest departure, while body condition relates to nest attendance. This 
represents the first comprehensive analysis of continuous time-activity budget data of breeding 
Cape gannets through chick development up to fledging. 
Sex-related differences 
Longer foraging trip durations by female Cape gannets have been demonstrated before for Cape 
gannets from west coast populations (Mullers & Tinbergen 2009; Mullers & Navarro 2010). 
However, Mullers & Tinbergen (2009) showed that foraging trip duration decreased with 
increasing chick age whereas an opposing trend was clearly evident from the current study (Fig. 
4.1). This difference is possibly a result of the younger chick age at which Mullers & Tinbergen 
(2009) ceased monitoring whereas this study’s data extend until fledging, an advantage of VHF 
monitoring (see Chapter 3). Foraging trip duration did not increase significantly prior to the chick 
reaching 50 days old (Fig. 4.1), which was the approximate age at which Mullers & Tinbergen 
(2009) stopped monitoring. Direct monitoring often ceases during the post-guarding phase 
(when chicks are older than c.a. 45 days; Nelson 1978) when adults returning to provision their 
frequently non-attended chicks regularly depart within a few minutes of arrival (pers. obs.). 
During this period the likelihood of not observing birds during provisioning bouts increases. 
These results therefore present a new insight into Cape gannet foraging ecology in the poorly-
documented post-guarding stage of a chick’s development. 
Sexual segregation in foraging effort is apparent for both the western (Mullers & Tinbergen 2009; 
Mullers & Navarro 2010) and southern coast (this study) Cape gannet populations. In 
monomorphic species, inter-sex differences in foraging behaviour are thought to be related to 
CHAPTER 4. DRIVERS OF PARENT TIME-ACTIVITY BUDGETS 
G.M. RISHWORTH  72 
 
intraspecific competition and resource partitioning or parental investment strategies and 
requirements (Welcker et al. 2009a; Elliott et al. 2010). The monomorphic thick-billed murre is an 
interesting example whereby sexual segregation in foraging behaviour is driven by an interplay 
of evolutionary-fixed traits, costs of egg production, and sex-specific selection of “risk-prone” 
versus “risk-averse” prey to optimise fitness (Elliott et al. 2010). Although the Northern gannet 
does not show sexual dimorphism in foraging trip duration, it is similar to Cape gannets in that 
both species show sex-specific time-budgets at sea (Lewis et al. 2002; Mullers & Navarro 2010). 
Female Northern gannets forage in different areas, make longer, deeper dives and spend more 
time resting on the sea surface than males (Lewis et al. 2002). This suggests that female 
gannets may utilise different resources compared to males to reduce intraspecific competition 
(Mullers & Tinbergen 2009). Additionally, the cost of bearing an egg may be reflected through 
the longer time that females spend foraging and their need to replenish spent resources (Hatch 
1990; Weimerskirch et al. 1997; Mullers & Navarro 2010). In some alcids the male is solely 
responsible for chick provisioning in the latter stages of chick development (Harding et al. 2004; 
Elliott et al. 2010). However, the factors driving the observed behavioural dimorphism whilst 
foraging amongst gannets remain unclear (Lewis et al. 2002; Mullers & Tinbergen 2009), as for 
other monomorphic seabirds in general (Welcker et al. 2009a).  
Data from this study supports the existence of sexual segregation in parental investment 
strategies, particularly as the chick ages. Although females generally return to their nests later 
than males (Fig. 4.2b), perhaps suggesting differing foraging locations, it is unlikely that 
intraspecific competition entirely drives this segregation in Cape gannets as females do not have 
consistently longer foraging trip durations than males (Fig. 4.1) (sensu Welcker et al. 2009a). 
Instead female Cape gannets have a greater proportion of longer foraging trips, specifically 
when the chick is older, suggesting that they might use this period and strategy to replenish their 
spent resources associated with egg development (Monaghan & Nager 1997; Weimerskirch et al. 
1997). Possible reduction in prey availability following higher levels of prey consumption during 
the advanced stage of the breeding season (Furness & Birkhead 1984; Mullers et al. 2007) may 
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further contribute to the need for females to spend comparatively more time foraging than males. 
Additionally, male Cape gannets appear to work harder towards their chick’s development by 
foraging more frequently than females as their chick ages (Fig. 4.1) and spend more time at the 
nest with the chick while their partner forages, especially when their body condition is good (Fig. 
4.3). 
Other drivers of time-activity budgets 
The relationship between chick age and adult Cape gannet time-activity budgets is not surprising 
as seabird foraging behaviour is often driven by the energetic requirements of their developing 
chicks (Cairns et al. 1987; Dall'Antonia et al. 2001; Shaffer et al. 2003; Harding et al. 2007a). 
Adult seabirds must increase their foraging effort and provisioning to meet the demands of their 
chicks for increasing amounts of food (Adams et al. 1991; Dall'Antonia et al. 2001). Local prey 
may potentially be depleted as the breeding season progresses and force seabirds to increase 
their foraging effort in search of more distant prey (Furness & Birkhead 1984; Dall'Antonia et al. 
2001; Lewis et al. 2001a; Mullers et al. 2007). Additionally, less obvious factors such as chick 
begging behaviour as a function of body condition may drive parent foraging behaviour 
(Quillfeldt et al. 2004). It is therefore likely that the observed increase in foraging effort (longer 
trip durations) with chick age in Cape gannets is as a response to either or both increased chick 
demand and local prey depletion during the breeding season. Regular acoustic-based prey 
abundance assessments would be able to assess whether local prey availability diminishes at 
this site during the course of the Cape gannet breeding season. 
Foraging behaviour amongst animals is intrinsically linked to body condition (Jönsson 1997; 
Weimerskirch 1998). Therefore Cape gannets which were in better condition expectedly spent 
more time at their nests (Fig. 4.3), reflecting more discretionary time in their time budget (Burger 
& Piatt 1990; Litzow & Piatt 2003). However, there appeared to be no effect of body condition on 
foraging trip duration or frequency. This assumed that the single measurement of body condition 
at the time of transmitter deployment was representative of that adult’s relative condition during 
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the entirety of chick provisioning. However, body condition changes throughout the breeding 
season (Mullers & Tinbergen 2009) and therefore these data may not be sensitive to intra-
seasonal fluctuations in body condition. Incorporation of an additional index of body condition 
(body girth) was attempted but this was poorly correlated to both body mass (R2 = 0.12) and 
body mass over wing length (R2 = 0.08), in contrast to Viblanc et al. (2012), and was therefore 
omitted from analyses in this study. A continuous measure of adult body condition throughout 
the breeding season such as automated body mass measurements (e.g. Le Maho et al. 1993), 
while minimising handling and disturbance (Carey 2009), would be more informative. 
The specific time when Cape gannets leave their nest places constraints on foraging trip 
duration in that birds leaving earlier in the day have more daylight hours available for same-day 
foraging, and therefore longer overall foraging trips. Sulids have been shown to work harder by 
flying and diving more often while foraging when fewer daylight hours are available (Lewis et al. 
2004a). Foraging trips are also extended to an overnight strategy after an unsuccessful first 
day’s foraging or to reach more distant profitable foraging grounds (Garthe et al. 2003; Ropert-
Coudert et al. 2004b). In this study, the number of nights away from the nest adds to the total 
foraging duration such that clearly multimodal-trip durations, as have previously been recorded 
for gannets (Garthe et al. 2003), were apparent (Fig. 4.2c). Cape gannets do not forage at night 
(Ropert-Coudert et al. 2004b), but it seems that they do occasionally depart their nests (12.3 % 
of foraging trips) well after the sun has set. These observations need further verification through 
nocturnal direct observations of nest attendance, but it is not uncommon to observe a flying 
Cape gannet illuminated by the lighthouse beam on Bird Island several hours after sunset (pers. 
obs.). Some seabirds, historically viewed as being visual foragers (Weimerskirch & Wilson 1992), 
do occasionally return to or depart from their nests after dark (e.g. Weimerskirch & Lys 2000) or 
use other cues (such as olfaction) to locate their prey (Nevitt et al. 1995; Reynolds 2012). Cape 
gannets might utilise nocturnal hours to commute between nearby profitable foraging grounds, 
thus maximising available daylight hours for active foraging. 
CHAPTER 4. DRIVERS OF PARENT TIME-ACTIVITY BUDGETS 
G.M. RISHWORTH  75 
 
Conclusions 
The chick-provisioning strategy adopted by Cape gannets as observed in this study 
demonstrates an example of gender role shifts where the paternal partner increases its relative 
reproductive effort as a response to decreased chick investment by females when chicks near 
fledging. This strategy has been observed in other bird taxa where the costs of egg production 
are shifted to male-dominated chick provisioning (Harding et al. 2004; Catry et al. 2006). In 
addition to the demonstrated effect of intrinsic variables such as chick age and sex on foraging 
behaviour of breeding Cape gannets, as for other seabirds (e.g. Humphreys et al. 2006), 
extrinsic factors are also expected to play a role. Resource availability, which dictates much of 
breeding animal behaviour (Cuthill & Houston 1997), affects Cape gannet foraging behaviour as 
a function of prey quality and quantity (Mullers et al. 2007; Pichegru et al. 2007). Consequently, 
foraging behaviour of Cape gannets could potentially be used as a proxy of prey availability if the 
intrinsic variables described in this study are accounted for. This is important considering the 
usefulness of seabird behaviour as a fisheries management tool for monitoring prey availability 
during chick-rearing (Harding et al. 2007a; Piatt et al. 2007). 
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Chapter 5 
Protection and provisioning: the role of Cape gannet (Morus capensis) 
parental behaviour in terms of chick growth and survival 
5.1. Introduction 
Life-history theory predicts that long-lived organisms maximise their lifetime fitness by prioritising 
self-maintenance over reproduction when conditions are unfavourable or resources scarce 
(Stearns 1989; McNamara & Houston 1996; Weimerskirch et al. 2001). While breeding, animals 
must adapt their behaviour to meet the requirements of their developing offspring, therefore 
placing limits on their foraging range, resource acquisition strategy, foraging duration and the 
time which parents can leave their progeny unattended (Ricklefs et al. 1996; Humphreys et al. 
2006). Divergence from these limits (e.g. reduced provisioning or increased non-attendance) as 
a response to decreased prey availability or external pressures results in negative effects on 
offspring growth and survival (Stearns 1989; Ronconi & Burger 2008). Consequently, adult 
survival in seabirds is relatively constant across variable prey availabilities (Cairns 1987; 
Furness & Monaghan 1987; Welcker et al. 2009b), unless these are severely depleted (e.g. 
Harding et al. 2011), while chick survival and growth are more variable (Weimerskirch et al. 2001; 
Ronconi & Burger 2008). However, flexible time-activity budgets of seabirds can generally buffer 
against the effects of moderately scarce prey and thus maintain reproductive effort (Burger & 
Piatt 1990; Uttley et al. 1994; Hamer et al. 2006; Harding et al. 2007b). 
Amongst seabirds, chick growth and survival is generally closely associated with local prey 
availability (Cairns 1987; Weimerskirch & Lys 2000; Tremblay & Cherel 2003; Piatt et al. 2007; 
Jodice et al. 2008; Elliott et al. 2010) with seabirds often abandoning their breeding attempt 
under poor prey conditions (e.g. Crawford & Dyer 1995). This is well-demonstrated in black-
legged kittiwakes, where tight coupling between breeding success and prey (sand lance, 
Ammodytes marinus) availability (Lewis et al. 2001b) informs management on fish stock state 
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and when the fishery should operate (Frederiksen et al. 2008). Aspects of the prey themselves 
can affect chick growth and survival. For example, pigeon guillemot, Cepphus columba, chicks 
fed on nutrient rich or larger prey tend to grow faster and have a higher chance of survival than 
those whose parents forage on a generalist diet of low-lipid demersal prey (Golet et al. 2000; 
Litzow et al. 2002).  
In addition to being driven by prey availability (Jakubas et al. 2011), the allocation of resources 
to developing chicks rather than to self-maintenance (Weimerskirch et al. 1997) is influenced by 
environmental conditions such as sea-ice extent (Yoda & Ropert-Coudert 2007) and wind 
patterns (Weimerskirch et al. 2012). Furthermore, intraspecific variation in adult foraging 
behaviour may affect chick growth and survival. For example, the foraging ability and efficiency 
associated with adult body size influences chick growth and fledging mass in snow petrels, 
Pagodroma nivea (Barbraud et al. 1999). Inter-colony differences in the allocation of provisioned 
resources to body mass also potentially drive differences in chick growth between populations 
despite similar prey conditions, as was the case in wedge-tailed shearwaters, Puffinus pacificus 
(McDuie et al. 2013). 
The Cape gannet was used as a model species in this study. This monomorphic seabird is a 
breeding endemic to six islands off southern Africa (Crawford et al. 2007) and its diet consists 
mostly of commercially important sardine and anchovy (Batchelor & Ross 1984; Klages et al. 
1992). Cape gannets nest colonially, usually commencing breeding around August of each year 
(Nelson 1978; Staverees et al. 2008). A single offspring is guarded by both parents from egg-
laying until the chick is at least three weeks old, thereafter the chick is periodically left 
unattended (Jarvis 1974; Bijleveld & Mullers 2009). At breeding locations on the west coast, 
local forage conditions determine chick survival and growth (Mullers et al. 2007; Mullers & 
Navarro 2010), with decreased prey availability increasing chick starvation (Okes et al. 2009). 
Breeding success varies in Cape gannets but is around 60 % on average (Randall & Ross 1979; 
Adams et al. 1992; Staverees et al. 2008; Green & Pistorius 2013) but can be much lower when 
CHAPTER 5. PARENT BEHAVIOUR AND THEIR CHICKS 
G.M. RISHWORTH  78 
 
local prey availability is poor (2% at Malgas Island in the 2005/2006 season; Pichegru et al. 
2010).  
The Cape gannet is listed as Vulnerable to extinction (IUCN 2013), largely due to population 
declines associated with commercial overfishing and distributional shifts in its main prey, 
particularly amongst populations on southern Africa’s west coast (van der Lingen et al. 2005; 
Crawford et al. 2007). In contrast, the south coast population at Bird Island, Algoa Bay, has 
either increased or been stable in recent years (Crawford et al. 2009). Annual survival amongst 
Cape gannets is generally high (approximately 85 %) and birds are faithful to their nesting 
grounds (Klages 1994; Pichegru et al. 2010; Distiller et al. 2012). Adults can maintain body 
condition, but not reproductive success, by supplementing their diet with fishery discards when 
natural prey is scarce (Mullers et al. 2009a; Tew Kai et al. 2013). Despite this association with 
the fishing industry, unlike many threatened seabirds (Lewison et al. 2004; Lewison et al. 2012), 
they are not often caught as bycatch in trawl and longline fisheries (Ryan et al. 2002; Watkins et 
al. 2008; Melvin et al. 2013). Therefore, as the population trend of Cape gannets seems to be 
largely driven by chick survival and consequent juvenile recruitment into adult colonies (Distiller 
et al. 2012), chick parameters at the increasing colony at Bird Island, Algoa Bay, were 
investigated in order to compare this to west coast populations that are subjected to different 
environmental conditions. The aim of this study was to investigate the extent to which parent 
time-activity budgets affect chick growth and fledging success in Cape gannets. The following 
hypotheses, which have been supported for Cape gannets breeding in the Benguela upwelling 
bioregion on the west coast (Bijleveld & Mullers 2009; Mullers & Tinbergen 2009), were tested: 
(1) chick growth is inversely related to foraging trip duration/effort, (2) higher nest provisioning 
rates from both parents increase chick growth and fledging success, and (3) fledging success is 
positively related to levels of nest attendance. 
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5.2. Materials and Methods 
Data collection 
Pairs of Cape gannets breeding on Bird Island, Algoa Bay (33° 50’ S, 26° 17’ E), from 20 nests 
in the 2011/2012 (10-15 December 2011) and 30 nests in the 2012/2013 breeding seasons (5-
12 December 2012) were fitted with leg-ring attached VHF transmitters (NTQB-6-2, Lotek 
Wireless, United Kingdom) to automatically record their presence at the island (see Chapter 3). 
These transmitted a coded signal every 39-40 s at 150.38 MHz which was recorded by a Yagi 
antenna attached to a 12 V solar-powered receiver (DataSika-C5, BioTrack, United Kingdom) as 
a unique coded identity together with a date, time and signal strength when the birds were on 
the island. Together with the leg-ring, transmitters weighed ~10 g, approximately 0.4 % of an 
average Cape gannet’s mass (Nelson 1978). Data from the VHF transmitters which was sent to 
an automated VHF receiver (DataSika-C5; BioTrack, United Kingdom) were downloaded on a 
monthly basis during the breeding season.  
All Cape gannets equipped with a VHF transmitter were attending a chick. At the time of 
transmitter deployment, adult body mass (to the nearest 25 g) and wing chord length (to the 
nearest 1 mm) were measured. A few breast feathers were also plucked to allow for subsequent 
DNA sexing of this monomorphic species through Chelex® extraction (see Chapter 4; Walsh et 
al. 1991; Ellegren 1992; Fridolfsson & Ellegren 1999; Brommer et al. 2003). Chicks were 
carefully removed from their nests at four- to five-day intervals for the periods 8-28 December 
and 27 January to 6 February 2011/2012 and 5-13 December and 15-27 January 2012/2013. 
Basic morphometric measurements were recorded from each chick; culmen length (to the 
nearest 0.1 mm), wing chord length (to the nearest 1 mm) and body mass (to the nearest 10 or 
25 g). Each chick was safely returned to its nest within three minutes after removal. Chick 
measurements were taken prior to the attachment of parents’ VHF transmitters. When the tarsus 
of each chick was sufficiently developed (at approximately 3 weeks old) a unique coloured PVC 
leg-ring was fitted. Any chick mortalities were recorded and chick survival to fledging was 
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assessed on 22 March 2012 and 27 February 2013 (absent chicks were assumed to have 
fledged and deceased chicks were identified from PVC leg-rings). 
Chick age was determined following Mullers et al. (2009a): when wing chord length was less 
than 40 mm, age = −ln((89.78 – b/6.15 x b)/0.086) + 0.5, and when wing chord length was 
greater than 40 mm, age = 1.395 − ln(ln(588.8/w)/0.0264) + 0.5, where b is culmen length (in 
mm) and w is wing chord length (in mm). 
Data analysis 
Data downloaded from the VHF receiver were converted into trip durations using a purpose-built 
MatLab (R2011a; MathWorks, United States of America) interface (Y Tremblay; see Chapter 3). 
Data were imported at a 10-minute coarseness into the MatLab interface. Other adult 
behavioural parameters including nest attendance duration, trip frequency per day (hereafter 
referred to as provisioning rate) and the duration of nest non-attendance (when both partners 
were absent from the nest), were also calculated.  
Chick growth rate was calculated as the change in body mass per day. Each chick growth 
measurement was associated with a mean value of respective adult behavioural parameters 
during the time interval of that measurement. Chick growth was incorporated into a linear mixed-
effects model (LMM; “lmer” in the “lme4” package) fitted by restricted maximum likelihood 
(REML) using R (R 2.15.1; R Foundation for Statistical Computing, Vienna, Austria) with the 
following predictor variables: foraging trip duration, nest attendance duration, nest non-
attendance duration, daily provisioning rate, adult body condition at the time of transmitter 
deployment, measured as forewing length over mass (Lewis et al. 2006), and chick age.  
The probability of chick survival to fledging was analysed by logistic regression using a 
generalised linear mixed-effects model (GLMM; “glmer” in the “lme4” package, with a binomial 
distribution and logit link specified) fitted by the Laplace approximation. Chick age, the 
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aforementioned adult behavioural parameters and adult body condition were used as predictors. 
Chick survival was modelled by combining data from both parents as well as for maternal and 
paternal data separately. 
The significance of the effect of predictor variables on chick growth and survival were tested 
using F- or z-tests, respectively, using Satterthwaite’s approximation for denominator degrees of 
freedom (e.g. Lüpold et al. 2013). Inter-seasonal effect was considered as a predictor in all 
models. To account for the potential effects of repeated measures, multi-level models were used 
for both chick growth (individual was specified as a random effect) and survival (progression into 
the breeding season (per 2-week category) was specified as a random effect). Deviance 
Information Criterion (DIC) scores, a generalisation of AIC (Posada & Buckley 2004) which are 
more suitable for multi-level model comparisons when the number of observations in the data 
are not necessarily greater than the number of parameters in the models, were used for model 
selection (Spiegelhalter et al. 2002). As for AIC, the model with the lowest DIC is selected 
(Burnham & Anderson 2002; Spiegelhalter et al. 2002). Age-specific growth rate was compared 
between 2-week chick age categories from model slope coefficients for separate LMMs of each 
category. Differences in parental behaviour parameters respective to chick survival were 
additionally compared for each 2-week chick age category using logistic regression models. A 
significance level of α = 0.05 was used and all results are presented as mean ± 95 % CI of the 
mean. 
5.3. Results 
In the 2011/2012 Cape gannet breeding season at Bird Island, Algoa Bay, 12 monitored nests 
failed (60 %) compared to the one failed nest (3 %) in 2012/2013. On average, the last 
measurement for those chicks that died was recorded at 52.8 ± 11.7 and 24 days old for both 
seasons, respectively. An average of eight and five growth measurements were recorded from 
chicks that fledged and 3.7 ± 0.9 and two from those that died for both seasons, respectively 
(247 in total). Following a rainstorm during 1-5 February 2012, five chicks died (average age of 
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last measurement: 74.3 ± 8.6 days) whereas the other seven chicks died prior to the storm 
(average age of last measurement: 37.4 ± 5.6 days). Initial chick age differed in the 2011/2012 
breeding season compared to the following season (24.8 ± 2.7 versus 18.6 ± 2.6 d; t(2,48) = 3.14; 
p < 0.05) as nest monitoring began five days earlier in the 2012/2013 season.  
Chick growth 
Chick growth was best predicted by chick age, adult foraging trip duration, nest attendance 
duration and nest non-attendance (Table 5.1). Both provisioning rate and parent body condition 
were not included in the most parsimonious models. There appeared to be no seasonal 
differences in growth rates between the 2011/2012 and 2012/2013 breeding seasons (p = 0.25; 
Table 5.2).  
As expected chick age had the greatest influence on growth rate (p < 0.001, Table 5.2). Body 
mass gain was at a maximum at 28-42 days following hatching (60.0 ± 7.6 g.d-1; t(2,50) = 10.49, p 
< 0.001) thereafter decreasing and becoming negative prior to chicks reaching 100 days of age 
(Fig. 5.1). Additionally, parent trip duration (Fig. 5.2a) was inversely related to chick growth rate 
(p < 0.01; Table 5.2). Nest attendance and non-attendance duration were also inversely related 
to chick growth rate but not significantly so (both p > 0.05, Table 5.2; Fig. 5.2). Although not 
included in the most parsimonious model, provisioning rate appeared positively related to chick 
growth, especially for young chicks (Fig. 5.2). Residual errors for the most parsimonious model 
(Model 3, Table 5.1) appeared to be normally distributed.  
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Table 5.1. Linear mixed-effects models of Cape gannet chick growth rate as a function of 
several predictor variables: chick age, adult foraging trip duration, nest attendance duration, nest 
non-attendance duration and season (2011/2012 or 2012/2013). Deviance Information Criterion 
(DIC) scores and the number of parameters used in each model (np) are shown. 
 
Table 5.2. Linear mixed-effects model fitted by restricted maximum likelihood of Cape gannet 
chick growth rate at Bird Island, Algoa Bay, as a function of chick age, adult behavioural 
parameters and season. Coefficients (C) represent the directional effect of the predictors.  
 
Model 
Chick 
age
Nest 
attendance
Nest non-
attendance
Trip 
duration
Season np DIC ΔDIC
1 • • 5 1933.6 0.0
2 • • • 6 1933.7 0.1
3 • • • • 7 1934.4 0.8
4 • • • 6 1934.5 0.9
5 • • • • 7 1937.8 4.2
6 • • • 6 1938.0 4.3
df C (SE) Test p
Intercept 1
102.74 
(13.33)
7.71 <0.001
Chick age 1
-0.64 
(0.19)
3.35 <0.001
Trip duration 1
-1.10 
(0.35)
3.17 <0.01
Nest attendance duration 1
-0.37 
(0.68)
0.54 0.59
Nest non-attendance duration 1
-0.66 
(0.62)
1.06 0.29
Season
2011 1
-7.62 
(6.55)
1.16 0.25
Chick growth (g.d
-1
)
2011: Coefficient reflective of the 2011/2012 breeding season
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Figure 5.1. Growth rate (a) and body mass (b) of Cape gannet chicks as a function of their age, 
grouped into 2-week bins. Total number of measurements (n) per chick age category are 
represented above the figure.  
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Figure 5.2. The relationship between age-specific (1-34 days, left graphs, black circles; 34-67 
days, centre graphs, grey circles; 67-100 days, right graphs, white circles) chick growth rate and 
parent Cape gannet behavioural parameters: (a) foraging trip duration, (b) nest attendance 
duration, (c) nest non-attendance duration and (d) provisioning rate. Foraging trips are shown up 
to 60 h and nest non-attendance up to 25 h thereby excluding 3 % of all records. 
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Chick survival 
Due to the contrast in chick mortality between seasons and high survival in the 2012/2013 
season, chick survival was only modelled for the 2011/2012 season. When modelling the 
probability of survival to fledging, the most parsimonious model included all of the predictor 
variables except adult body condition (Table 5.3).  
Table 5.3. Generalised linear mixed-effect models for Cape gannet chick survival during the 
2011/2012 breeding season as a function of chick age, adult foraging trip duration, nest 
attendance duration, nest non-attendance duration and provisioning rate. Deviance Information 
Criterion (DIC) scores and the number of parameters used in each model (np) are shown. 
 
As expected, and indicated by the positive coefficient of chick age in relation to survival for the 
most parsimonious model, older chicks had a greater probability of survival to fledging (p < 0.001, 
Table 5.4). When combining behavioural data from both parents, chick age and nest non-
attendance were the only significant predictors of chick survival (p < 0.001, Table 5.4).  
  
Model 
Chick 
age
Nest 
attendance
Nest non-
attendance
Provisioning 
rate
Trip 
duration
np DIC ΔDIC
1 • • • • • 7 379.9 0.0
2 • • • • 6 380.0 0.1
3 • • • • 6 381.2 1.3
4 • • • 5 381.3 1.4
5 • • • • 6 381.8 1.9
6 • • • 5 383.1 3.2
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Table 5.4. Generalised linear mixed-effects models fitted by Laplace approximation of Cape 
gannet chick survival at Bird Island, Algoa Bay, during the 2011/2012 breeding season as a 
function of chick age, adult behavioural parameters and parent body condition. Coefficients (C) 
represent the directional effect of the predictors. Three models are presented: chick survival in 
relation to combined (1), maternal (2) and paternal (3) parent parameters. 
 
The durations of nest non-attendance bouts increased with chick age (LMM: F(1,1290.0) = 436.1, p 
< 0.001; Table 5.5) and were noticeably longer amongst those chicks which died, specifically in 
the 42-56 chick age category (GLM: z = 2.38, p < 0.05, Table 5.5). Nest non-attendance during 
the 2012/2013 season was shorter on average than the previous season (LMM: F(1,50.0) = 4.05, p 
< 0.05), however when comparing between those nests where the chicks successfully fledged 
there was no significant difference (LMM: F(1,35.2) = 0.11, p = 0.74). Overall foraging trip duration, 
nest attendance duration and provisioning rate did not influence chick survival (Table 5.4 and 5.5, 
all p > 0.05) but this differed between parents. Females which made longer trips significantly 
decreased the probability of their chick’s survival (p < 0.05, Table 5.4). Furthermore, chick 
survival probability was significantly improved when either the male or female parent was in 
better body condition (Table 5.4, both p < 0.001). 
df C (SE) Test p C (SE) Test p C (SE) Test p
Intercept 1
-3.80 
(0.72)
5.28 <0.001
-18.93 
(2.70)
7.01 <0.001
-55.49 
(7.15)
7.76 <0.001
Chick age 1
0.10 
(0.01)
7.82 <0.001
0.09 
(0.01)
5.97 <0.001
0.12 
(0.03)
3.50 <0.001
Trip duration 1
-0.005 
(0.01)
0.80 0.42
-0.02 
(0.01)
2.27 <0.05
-0.02 
(0.02)
0.84 0.40
Provisioning rate 1
-0.07 
(0.21)
0.33 0.74
-0.52 
(0.30)
1.76 0.08
-0.46 
(0.51)
0.91 0.36
Nest attendance 
duration
1
0.03 
(0.02)
1.39 0.17
-0.01 
(0.02)
0.47 0.64
-0.02 
(0.03)
0.70 0.48
Non-attendance 
duration
1
-0.05 
(0.01)
3.42 <0.001
Body condition 1
2.92 
(0.44)
6.68 <0.001
9.01 
(1.15)
7.83 <0.001
1. Combined 2. Maternal 3. Paternal
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Table 5.5. Age of Cape gannet chicks that fledged and died for the 2011/2012 breeding season 
at Bird Island, Algoa Bay, as a function of parental foraging trip duration, provisioning rate, nest 
attendance duration and nest non-attendance duration. Chick ages are grouped into 2-week bins 
and are represented from 14 to 98 days old. The proportion of chicks from failed nests which 
had died by the end of each respective age category is shown. Parental behaviour specific to 
chick age which significantly predicted chick survival are also indicated.  
 
5.4. Discussion 
Chick growth and survival amongst seabirds is influenced by several factors including prey 
availability (Litzow et al. 2002; Elliott et al. 2010), resource allocation between parent and chick 
(Weimerskirch et al. 1997), parent body size and foraging efficiency (Barbraud et al. 1999), 
environmental conditions (Yoda & Ropert-Coudert 2007; Weimerskirch et al. 2012), predation 
(Mullers & Tinbergen 2009), conspecific aggression (Lewis et al. 2004b), pollution (Auman et al. 
1997), pathogens (Weimerskirch 2004), and life-history plasticity (McDuie et al. 2013). An adult 
seabird’s time-activity budget can be used as a measure of some of these factors (e.g. Chivers 
et al. 2012) and this approach was adopted to investigate its influence on the chick growth and 
14-28 28-42 42-56 56-70 70-84 84-98
8 % 42 % 58 % 75 % 92 % 100 %
Died 18.4 ± 4.7 24.1 ± 18.7 69.3 ± 78.1 39.7 ± 24.2 32.9 ± 16.3 -
Fledged 17.0 ± 7.7 15.1 ± 1.7 18.0 ± 3.2 37.0 ± 8.1 37.5 ± 10.4 38.4 ± 12.3
Died 1.1 ± 0.2 1.1 ± 0.2 0.9 ± 0.2 1.3 ± 0.4 0.8 ± 0.5 -
Fledged 1.1 ± 0.2 0.9 ± 0.1 1.1 ± 0.2 0.7 ± 0.2 0.9 ± 0.3 1.0 ± 0.3
Died 13.7 ± 3.1 11.5 ± 1.7 10.4 ± 2.2 3.4 ± 1.5 1.6 ± 0.9 -
Fledged 10.2 ± 4.6 13.7 ± 1.6 10.5 ± 1.5 6.7 ± 1.7 5.5 ± 2.3 6.6 ± 1.8
Died 2.3 ± 1.1 1.8 ± 0.6 14.8 ± 7.5 21.0 ± 14.0 23.5 ± 11.2 -
Fledged 1.2 ± 1.0 1.5 ± 0.9 3.7 ± 1.1 13.9 ± 5.2 15.1 ± 5.3 18.8 ± 8.7
**
Chick age (d)
Proportion of failed nests
Nest non-
attendance 
duration (h)
Nest attendance 
duration (h)
Provisioning 
rate (trips.d
-1
)
Trip duration 
(h)
Signif icance: * p ~ 0.05; ** p < 0.05; *** p < 0.01
CHAPTER 5. PARENT BEHAVIOUR AND THEIR CHICKS 
G.M. RISHWORTH  89 
 
survival, using the Cape gannet as a model. This study showed that chick growth is largely a 
function of age and parental provisioning while chick survival is mostly affected by nest 
attendance levels, female provisioning rate and parent body condition. 
Prey quantity or quality delivered to the nest was not accounted for in the analyses of this study. 
However, anchovy dominated Cape gannet diet samples at Bird Island during the 2012/2013 
breeding season whereas anchovy and sardine in equal proportions and a smaller contribution 
of saury constituted the diet samples in 2011/2012 (Green 2013). When there is a large 
proportion of fishery discards in Cape gannet diet, chicks have reduced growth rates and lower 
survival (Pichegru et al. 2007; Mullers et al. 2009a). There were, however, few discards found in 
the diet of gannets during the course of the current study (Green 2013). Cape gannet chicks 
gain mass fastest when fed sardine and anchovy (Adams & Klages 1999) and therefore it is 
unlikely that their diet contributed to the reduced breeding success in 2011/2012. 
Chick growth 
As expected, chick growth amongst Cape gannets was driven predominantly by their age (e.g. 
Mullers et al. 2009a). However, irrespective of chick age, adult Cape gannets that made shorter 
foraging trips enabled their chicks to grow faster, a relationship that Chivers et al. (2012) showed 
for breeding success of black-legged kittiwakes. Similarly amongst Cape gannets, Mullers & 
Tinbergen (2009) demonstrated that when foraging behaviour varies, both between seasons of 
variable prey states or within a season, chick growth and survival are affected. Parents that 
spent more time foraging had reduced provisioning rates and raised chicks that grew slower 
(Mullers & Tinbergen 2009), which accords with the results of this study. This is not surprising as 
shorter foraging trips, which can be related to an increased availability of local prey (Mullers et al. 
2007; Pichegru et al. 2007), translates to greater provisioning rates allowing for faster growth. 
More broadly, Bijleveld & Mullers (2009) used the Cape gannet as a model to investigate the 
trade-off between self- and chick-provisioning in seabirds by artificially handicapping one partner 
of a breeding pair, thereby increasing the other partner’s reproductive effort while not affecting 
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its foraging or flying ability. They showed that birds from handicapped nests demonstrated 
increased overall foraging trip duration, decreased nest attendance and decreased provisioning 
rate which resulted in chicks that grew slower with lower survival (Bijleveld & Mullers 2009). The 
Cape gannet therefore shows foraging flexibility but the potential effects of reduced prey 
abundance are passed onto its chicks as a result of increased foraging effort reflected by longer 
trips and decreased provisioning rates. 
Chick survival 
The lower survival probability of chicks that were attended less at their nests suggests that a 
factor on the island contributed to this. There were more kelp gulls in the vicinity of Bird Island 
during the 2011/2012 breeding season compared to 2012/2013 (pers. obs.) and this was 
reflected in a higher weekly colony perimeter count of Cape gannet eggs predated by kelp gulls 
(200 versus 50; GM Rishworth, unpublished data). Kelp gull predation is an important cause of 
chick mortality among Cape gannets (Mullers & Tinbergen 2009) and explains why reduced nest 
attendance affected chick survival, especially for those chicks that died at a younger age. Other 
factors such as heat stress (Hochscheid et al. 2002) or exposure (e.g. Tree & Klages 2003), 
particularly during the adversely cold and rainy storm in early February 2012, may have 
contributed to the lower survival of unattended chicks. During this storm >100 mm of rain fell 
(South African Weather Service 2013) which is far higher than the average rainfall usually 
recorded during February (Stewardson et al. 2012). Furthermore, adult foraging trip durations 
were significantly longer during this five-day storm than the five days before or after (53.5 ± 20.1 
h compared to 28.3 ± 8.7 h and 21.6 ± 7.8 h, respectively; F(2,117) = 7.04, p < 0.01). As a result, 
many chicks were left unattended and exposed to the cold and rain (pers. obs.) and this was 
probably a major contributor to the observed mortality amongst older chicks.  
In addition to nest non-attendance, it is interesting that chick survival was significantly affected 
by maternal but not paternal behaviour (Table 5.4). Sex-specific partitioning in reproductive 
investment between parents is fairly common amongst seabirds (Lewis et al. 2002; Thaxter et al. 
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2009; Welcker et al. 2009a; Elliott et al. 2010; Sommerfeld et al. 2013). The costs of egg 
development to the female are sometimes reflected in increased relative reproductive effort 
during chick provisioning by male parents (Weimerskirch et al. 1997; Harding et al. 2004; Elliott 
et al. 2010). These observations are consistent with life-history theory amongst long-lived 
animals whereby self-maintenance is favoured over reproduction (Bell 1980; Stearns 1989). 
Male Cape gannets generally have shorter foraging trips than females (Chapter 4; Mullers & 
Tinbergen 2009; Mullers & Navarro 2010) and this study demonstrates that the costs incurred by 
some females in making longer foraging trips are reflected in chicks which have a lower 
probability of survival. Furthermore, the positive effect of male and female body condition in 
predicting chick survival highlights the importance of adults achieving favourable body condition 
prior to the breeding season (Pinaud & Weimerskirch 2002). Adult body condition at the time of 
transmitter deployment was significantly poorer in the 2011/2012 breeding season compared to 
2012/2013 (5.7 ± 0.1 versus 6.0 ± 0.1 g.mm-1, t(2,98) = 3.39; p < 0.01). Therefore pre-breeding 
foraging conditions, in addition to shorter mean nest non-attendance durations in 2012/2013, 
might have contributed to the seasonal difference in chick survival. 
West versus south coast Cape gannets  
The demographic dichotomy between west and south coast Cape gannet populations (declining 
versus increasing/stable: Crawford et al. 2007) have been attributed to juvenile recruitment 
rather than adult survival (Distiller et al. 2012). Breeding success is low at west coast 
populations due to a combination of scarce natural prey and predation (Makhado et al. 2006; 
Crawford et al. 2007; de Ponte Machado 2007; Mullers et al. 2007; Crawford et al. 2008a). This 
study confirms that Cape gannet chick growth is largely a function of both developmental stage 
and prey delivery rate (Mullers & Tinbergen 2009). Additionally, chick growth is affected by prey 
type and consequently chicks that are fed on fishery discards grow slower and experience 
higher mortality (Mullers et al. 2009a). At Bird Island, Algoa Bay, fishery discards are uncommon 
in Cape gannet diet and natural prey is dominant (Pichegru et al. 2007; Green 2013). 
Furthermore, chick survival on the west coast can be predicted by both parent nest attendance 
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and provisioning rate (Ichaboe Island: Mullers & Tinbergen 2009). In the current study nest 
attendance was clearly important with provisioning rate bordering on significant, but only in 
female parents, at Bird Island, Algoa Bay. At both locations unattended young chicks are 
predated upon by kelp gulls (Mullers & Tinbergen 2009; Green & Pistorius 2013), but their diet 
and pelagic fish surveys suggest that foraging conditions are more favourable for maintaining 
reproductive success on the south coast.  
Conclusions 
The continuous data generated by the automated VHF system (see Chapters 3 and 4) allowed 
for a confident description of how adult Cape gannet time-activity budgets affect their chicks. 
Chick growth, specifically, was clearly a function of prey delivery. Both quantity and quality of 
food delivered to chicks have been shown to influence chick growth in other seabird studies 
(Gray & Hamer 2001; Litzow et al. 2002; Mullers & Tinbergen 2009). This study supported other 
work on Cape gannets which have shown that chick survival depends on an interplay of several 
factors including nutritional input (Pichegru et al. 2007), predation (Mullers & Tinbergen 2009) 
and exposure (Hochscheid et al. 2002) which contribute on varying scales depending on chick 
age and local prey conditions. As a long-lived species Cape gannets, specifically the adults, can 
buffer against variable prey through flexible foraging behaviour (e.g. Pichegru et al. 2007) or by 
targeting fishery discards (e.g. Grémillet et al. 2008a). However, effective conservation of 
seabirds such as the Cape gannet requires the protection of all life-history stages (Crawford et al. 
2007; Lewison et al. 2012) and understanding the factors which affect chick development and 
survival at the nest for different colonies, in addition to the susceptible post-fledging period 
(Jarvis 1974), will benefit this Vulnerable species (IUCN 2013). A complete simultaneous 
assessment of the various external factors, in addition to adult behaviour, which contribute 
toward chick development, would therefore be informative.  
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Chapter 6 
Conclusions and Synthesis 
Ocean ecosystems are under increasing pressure from climate change (Hoegh-Guldberg & 
Bruno 2010) and over-fishing (Jackson et al. 2001), providing significant challenges to 
management of marine resources in the face of increasing human demands (Pauly et al. 2002; 
Pauly et al. 2005). As highlighted in this thesis, many authors have suggested that seabirds 
reflect ecosystem changes in lower trophic levels and are thus suitable as ecological indicators 
which should be employed in fisheries management (Cairns 1987; Montevecchi 1993; Harding 
et al. 2007a; Piatt et al. 2007; Parsons et al. 2008; Durant et al. 2009; Lewison et al. 2012). 
Technological advances have driven the miniaturisation of attached data-loggers for seabirds 
(Shaffer et al. 2003; Tremblay 2003; Ropert-Coudert & Wilson 2005; Wilson & Vandenabeele 
2012) and these can now be deployed on seabirds for long periods with little or no negative 
effects (Carey 2011; Chapter 3). Their use can thus be incorporated into monitoring schemes of 
seabird behaviour (Le Maho et al. 1993; Montevecchi 1993; Shoji & Gaston 2010). The results of 
Chapter 3 clearly demonstrate that leg-ring attached VHF transmitters do not negatively impact 
Cape gannets and are suitable for long-term monitoring schemes. Furthermore, foraging effort, 
which generally reflects prey availability, is strongly related to Cape gannet foraging trip duration. 
Estimates of the prey populations of seabirds, obtained through acoustic surveys and fisheries 
catch data, are essential if seabird proxies are to be accurately interpreted in relation to prey 
variability (Monaghan 1996; Litzow et al. 2000). This is the next step which would need to be 
investigated in the Cape gannet: to what extent does prey availability relate to foraging trip 
duration, and how does this relationship change throughout the breeding season. This is not a 
simple task as it is not only prey availability but also prey type which is likely to affect Cape 
gannet behaviour. For instance, Mullers & Navarro (2010) showed that gannets foraging on 
fisheries discards had shorter foraging trips. At Bird Island, Algoa Bay, where fisheries discards 
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are uncommon in their diet (Pichegru et al. 2007; Green 2013), shorter foraging trips would likely 
indicate more available local prey. This emphasises that multiple proxies from seabirds, such as 
both behaviour and diet, will likely be the most informative for fisheries management 
(Frederiksen et al. 2007). 
Adopting Cape gannet behaviour into a fisheries management monitoring scheme would only be 
possible if factors other than prey availability are understood. Chapter 4 attempts to address 
some of these. Chick age is clearly a driver of Cape gannet behaviour (Bijleveld & Mullers 2009; 
Mullers & Tinbergen 2009). Comparisons of foraging duration made without accounting for chick 
age would not be meaningful. This study also uses the VHF technology to reveal an interesting 
insight into Cape gannet life-history during the poorly documented post-guarding stage of chick 
provisioning. There appears to be clear segregation in reproductive investment between male 
and female partners. Not only do females generally spend longer periods of time foraging at sea 
(as also demonstrated by Mullers & Tinbergen 2009; Mullers & Navarro 2010), but this is 
enhanced as the chick nears fledging, indicating that females may be using this period and 
strategy to replenish their investment during egg development by shifting chick provisioning 
responsibilities to the male. In light of this, while sex, chick age, time, and adult body condition 
all seem to affect Cape gannet parental behaviour, future studies would benefit from a holistic 
analysis which accounts for additional drivers such as prey availability and environmental factors 
such as wind. 
Ecosystem-based strategies to fisheries management are seen as the way forward (Pikitch et al. 
2004; Piatt et al. 2007; Parsons et al. 2008). Several studies have shown that seabirds are most 
informative and accurate as indicators when a multi-species (Montevecchi 1993; Regehr & 
Montevecchi 1997; Reid et al. 2005) or multivariate (Frederiksen et al. 2007; Mills et al. 2007) 
approach is adopted. However, monitoring each species, or even each seabird, in an ecosystem 
is mostly infeasible. Careful consideration must therefore be given towards selecting the most 
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informative and sensitive seabird with its relevant proxies (Furness & Camphuysen 1997; 
Frederiksen et al. 2007).  
Seabird populations are being placed under increasing pressure from the effects of climate 
change (Thompson & Hamer 2000; Crick 2004; Crawford et al. 2008b; Lewison et al. 2012) and 
fishing (Bertrand et al. 2012). For this reason, the Cape gannet is also under threat (Crawford et 
al. 2007; IUCN 2013). Chapter 5 of this thesis addressed how the effects of parent behaviour on 
chick growth and survival may be different for the Cape gannet colony on the south coast which 
appears to be thriving compared to those populations along the west coast. What was evident 
was that prey availability around Bird Island is probably not limiting Cape gannet chick survival 
(at least not during our study) in contrast to west coast populations. Furthermore, parental 
behaviour between sexes had differing effects on chick survival and a future investigation of sex-
specific diet and provisioning rates would better identify the parental roles played during chick 
development. Further monitoring of this colony is recommended especially because of the way 
in which data-sets from long-term monitoring programmes of seabirds provide insight into the 
effects of climate change (Piatt et al. 2007). When data from several seabird proxies are 
combined, such as adult behaviour, reproductive indices and diet, the potentially informative way 
in which seabirds can be used to interpret the state of the environment is enhanced (Lewis et al. 
2006; Velarde et al. 2013). These data can also aid in the separation between the two primary 
drivers behind seabird population and distributional changes, namely fisheries and the effects of 
environmental change (Crawford et al. 2008b; Durant et al. 2009). 
Faced with environmental change, phenotypic plasticity may restrict the suitability of seabirds as 
indicators as their range of responses may be increasing (Grémillet & Charmantier 2010). 
Nevertheless, evidence suggests that many seabird proxies are a good reflection of prey state 
(Montevecchi 1993; Furness & Camphuysen 1997; Einoder 2009) and that seabirds are useful 
candidates as ecological indicators (Piatt et al. 2007). Perhaps seabirds are more useful for 
measuring the state of prey (i.e. abundant, moderate or scarce) rather than gaining an actual 
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quantitative estimate (Grémillet & Charmantier 2010). With the modern advancements in 
technology (Ropert-Coudert & Wilson 2005; Wilson & Vandenabeele 2012), multitude of publicity 
and awareness campaigns for seabirds (Lewison et al. 2012) and improvements in statistical 
techniques and modelling (Durant et al. 2009) we are better equipped now more than ever to 
understand the dynamics of seabird-prey-fishery interactions. The potential benefits of using 
seabirds as ecological indicators support future research into this field and the resultant inclusion 
of their proxies into fisheries management schemes. 
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